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ABSTRACT
Alligator mississippiensis contains all of the components of the hepatic 
microsomal mixed function oxidase system. In general, basal and induced levels of 
P450 specific content, immunochemically detected abundance and examined activities 
are less than in mammals. In alligator at least two classes of P450s are inducible by 
xenobiotics: those induced by 3-methylcholanthrene (3MC) and those induced by 
phenobarbital (PB). PB and 3MC induce multiple P450 isoforms as detected by 
western blot and enzymatic analyses. The induced level of alkoxyphenoxazone 0 - 
dealkylation (AROD) was 10- to 100-fold lower in alligator than in rat, with the 
exception of phenylbenzyloxyphenoxazone O-dealkylation. In contrast to mammals 
methoxyphenoxazone and benzyloxyphenoxazone exhibited the greatest ability of 
AROD substrates to discriminate between 3MC- and PB-induced isoforms. Carbon 
monoxide binding, western blots, and enzymatic activity indicates that the PB and 3MC 
time-courses take at least 48-72 h to reach full induction, longer than found in mammals. 
In contrast to rat, aroclor and tetrachlorobiphenyl yielded faint induction in western blots 
and along with clofibrate exhibited only minor alterations in AROD activity. Clofibrate 
also failed to induce lauric acid hydroxylation, a CYP 4A activity. Classical inhibitors 
of P450 inhibited AROD activity of the expected P450 isoforms.
While antibodies used across phylogenetic classes lost specificity they only 
crossreacted within a gene family. Western blot, enzymatic and N-terminal sequence 
analysis indicates that the purified PB-induced P450 is a CYP 2 family isoform.
Whether alligator isoforms are transcriptionally regulated remains unanswered as 
northern blots were inconclusive. The contention that alligator CYP 1A isoforms are 
transcriptionally regulated is supported by the presence of Ah receptors. The markedly 
different responses to single and multiple xenobiotics, lower or absent activities, altered 
discrimination factors, loss of antibody specificity and slower rates of induction
xi
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challenges the view of how reptiles respond to xenobiotics and the interpretation of 
P450 assays as biomarkers of environmental pollution. While indicating the presence of 
alligator P450s in several families, the number of isoforms present, the breadth of 
substrates and whether these P450s are alligator homologues/orthologues of mammalian 
isoforms remain to be established.
xii
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CHAPTER 1 INTRODUCTION TO CYTOCHROMES P450
Cytochromes P450 (P450 or CYP) are the terminal electron acceptors in the 
mixed function oxidase system (MFO). CYP are membrane bound enzymes which 
catalyze the monooxygenation of hydrophobic compounds using atomic oxygen. 
Eucaryotic P450 has a molecular weight in the range of 50 kDa and is found on the 
cytosolic face of the smooth endoplasmic reticulum and in the mitochondria [ 103. 105] 
CYP is sequentially reduced by two electrons provided by reductases found in these 
membranes, e.g. cytochrome b5 and cytochrome P450 reductases. These reducing 
equivalents are used to break apart the diatomic oxygen and subsequently 
monooxygenate the substrate. Alternatively oxygen can be provided in a reduced 
reactive state, e.g. cumene or tertbutyl hydroperoxide, which will react with CYP 
leading to the monooxygenation of the substrate without the need for additional reducin 
equivalents. The major endogenous substrates of CYP are fatty acids and steroids. 
While found in most cells throughout the body of mammals the greatest diversity and 
induced concentration is found in the microsomal fraction of the liver because of its 
pivotal role in the metabolism of foreign compounds (xenobiotics) which enter the 
body[103, 105]. The microsomal fraction is composed of micelles generated from the 
endoplasmic reticulum and nuclear envelope during cell lysis and subsequent isolation 
from other cellular components by differential centrifugation.
Research to date has described over 500 P450 isoforms of which about 60 can 
be expressed in a single organism, e.g., humans[96, 97], The numerous P450 
isoforms have brought about the development of a standardized nomenclature with the 
general format: CYP cardinal# letter cardinal #. CYP is the standard
abbreviation for cytochromes P450, the first number designates the gene family, the 
letter defines the subfamily and the second number completes the isoform designation. 
An example is CYP 2B1 which in rat is the constitutive isoform induced by
I
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phenobarbital. In mammals, members of a CYP family usually exhibit greater than 40 
% homology in the amino acid sequence. CYP subfamilies generally encode proteins 
having greater than 55% identity in their amino acid sequences [52,96.97].
CYPs are either constitutive or non-constitutive. CYP activity or content may be 
induced by endogenous or xenobiotic compounds. While some CYP inducers merely 
regulate production other inducers are also substrates for the catalytic activity of CYP. 
Most P450 inducers will induce multiple isoforms[102, 105], This induction may be 
limited to a P450 subfamily e.g. the induction of isoforms in the CYP 1A subfamily by 
3-methyIcholanthrene (3MC) in mammals. Inducers may also act within a P450 family, 
e.g. phenobarbital (PB)-pretreatment in alligator induces isoforms in several CYP 2 
subfamilies. There are also xenobiotics which induce isoforms in different P450 
families, e.g. aroclor (ARO) induces members of both the CYP 1A and CYP 2 families 
in mammals[102, 105]. Xenobiotic exposure not only induces P450 but in some cases 
induces a variety of proteins in response to the concomitant cell toxicity, oxidative stress 
or mutagenicity (e.g. SOS response).
Because each P450 isoform metabolizes a broad range of substrates the 
induction of an isoform by one compound will enhance the rate of metabolism of several 
unrelated compounds by that isoform. The induction of multiple P450s in response to 
xenobiotic exposure allows an organism to metabolize an even broader range of 
substrates. While substrate specificity is broad for a particular isoform, it overlaps with 
other isoforms[ 102, 103, 105]. However, each P450 exhibits different catalytic abilities 
and substrate preferences. Historically cytochromes P450 get their name from the 
absorbance maximum of the hemeprotein chromophore at 450 nm observed in the 
difference spectrum between the reduced heme with and without carbon monoxide (CO) 
[103-105]. In practice CO-binding is an accurate method for determining the amount of 
all P450 isoforms present in the microsomal fraction. The extinction coefficient for the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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P450 CO-liganded chromophore, taken from the A OD of 450 minus 490 nm (the 
isosbestic point between the reduced and oxidized heme), is 91 mM'1 cm'1 for most 
mammalian P450 studied [104].
Although there are many CYP isoforms they are governed by a general reaction 
mechanism (Fig. 1.1). The enzymatic cycle starts by CYP binding substrate (2) which 
results in a perturbation of the hexa-coordinated low-spin heme iron atom with water to 
form the penta-coordinated high spin state [103,105]. This is followed by transfer of 1 
electron from cytochrome b5 or cytochrome P450 reductase causing the reduction of the 
heme prosthetic group from the ferric to ferrous state (3). The reduced, liganded CYP 
next binds diatomic oxygen (4) and in turn is reduced by a second electron (5). 
putatively from the same reductases. The binding of oxygen returns the heme iron atom 
to the hexa-coordinated low-spin state. Reduction allows the CYP to break the diatomic 
oxygen bonds with the one oxygen atom released as water and the remaining atomic 
oxygen used in the monooxygenation (5). The transfer of electrons from the heme 
prosthetic group to the oxygen during oxygen-oxygen cleavage brings heme iron atom 
back to the iron (III) state and briefly to the iron (IV) state during monooxygenation. 
After monooxygenation the product is released (6) returning the enzyme to its original 
state (1). By this mechanism CYP catalyzes a number of different types of reactions by 
adding atomic oxygen to an atom or across a bond. The monooxygenation reaction 
allows compounds to be activated for further conjugation, hydroxylated or 
monooxygenated across a bond causing cleavage of the side group (dealkylation). The 
reactions are broken up into the following general categories: aromatic hydroxylation. 
aliphatic hydroxylation, N, O or S-dealkylation, epoxidation, desulfuration, 
sulfoxidation, N-hydroxylation. Generalized examples of these reactions are depicted in 
table 1.1.
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Fig. 1.1: Schematic of the Cytochromes P450 Mechanism.
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While the issue of how P450s have evolved is not completely resolved, a 
vigorous research effort has permitted some cogent hypotheses to be drawn[52. 96. 97]. 
Initially, CYP was probably developed for its role in the metabolism of steroids and 
fatty acids. During evolution plants developed stratagems to ward off predation by 
animals. These included the synthesis of natural pesticides such as phytoalexins and 
alkaloids. Fungi similarly developed mycotoxins. These compounds are still some of 
the most toxic and carcinogenic compounds known. These chemicals are xenobiotic in 
animals and are hydrophobic compounds which can easily cross lipid membranes by 
diffusion. This may have created evolutionary pressure to allow consumption of these 
food sources without ill effect by detoxifying the xenobiotics through monooxygenation 
making them more polar and allowing them to be actively excreted. These xenobiotics 
in some cases resemble the endogenous substrates of P450. While the alligator does not 
consume plants as part o f its regular diet this evolutionary pressure may have acted on 
its ancestors and in part explain the diversity of current isoforms. Basal and 
bioaccumulated levels of these xenobiotics in animals present in the alligator food chain 
may also be an indirect route of exposure and evolutionary pressure. One of the reasons 
for the development of the 500 plus isoforms, possibly by a process of gene duplication 
and divergence, may therefore be in response to this diverse array of xenobiotics [52,
96,97]. This contention is supported by the fact that certain non-constitutive P450s do 
not appear to have an endogenous substrate, e.g. CYP 1 A. A further complication to 
this detoxification scheme is that natural xenobiotics have arisen that are activated into 
more toxic, mutagenic or carcinogenic species by P450 monooxygenation. These 
counter interactions between plants and animals has been referred to as plant-animal 
warfare[52]. The current ability of plants and animals to metabolize man-made 
pollutants and drugs may well be due to the diversity of natural xenobiotics found in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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environment during evolution which selected for organisms with multiple P450 
isoforms.
During the detoxification of xenobiotics and in normal metabolism (e.g. steroid 
biosynthesis) P450 can hydroxylate a compound rendering it more polar. The initial 
steps in detoxification, including monooxygenation, are referred to as phase-1 
metabolism. CYP can also activate xenobiotics by monooxygenation allowing further 
conjugation in phase-2 metabolism making it even more hydrophilic. The altered 
xenobiotics generated in phase-1 and phase-2 metabolism are excreted from the cell and 
cannot diffuse back across the hydrophobic lipid membrane because of their increased 
polar nature [103,105]. Xenobiotics detoxified by phase-1 metabolism include PB and 
hexobarbital. As alluded to above, P450 monooxygenation of some naturally occurring 
and man-made xenobiotics actually results in increased toxicity. P450 
monooxygenation activates these compounds and once activated they may inhibit 
metabolic pathways, cause lipid peroxidation or form DNA adducts[105]. DNA adducts 
may cause mutations or alter gene expression. An example of a xenobiotic made more 
toxic is the P450-catalyzed epoxidation of benzo[a]pyrene, which leads to the formation 
of DNA adducts and increase in the mutation rate.
Our interest in understanding the CYP system in the American alligator stems 
from the following. The alligator has become the most economically important reptilian 
species in Louisiana for its hide and meat since its removal from the endangered species 
list[81]. As a burgeoning agricultural commodity there is increased interest in 
metabolism of drugs used in alligator aquaculture and in pollutants discharged into its 
environment as a possible source of human exposure. While the MFO system has been 
extensively studied in mammals and fish, and to a lesser extent birds, very little is know 
about reptiles. Alligator is one of only a few reptilian species under study[40]. As such 
research into alligator fills a void in the phylogenetic understanding of P450. Alligator.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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along with birds, is classified by some as archosauria [124]. As such alligator has great 
potential to increase our knowledge of the evolution of P450. Of the many isoforms 
present only a few have so far been described in reptiles. In the few reptilian studies to 
date most have concentrated on the CYP 1 A-induction as a biomarker of polycyclic 
aromatic hydrocarbon (PAH) exposure and the P450 involved in steroid metabolism 
(aromatase) [40]. The mammalian model alone is insufficient to predict drug 
metabolism or the consequences of pollutants in other organisms, and so the need to 
expand the number of taxa under study is evident. The importance of these points will 
be addressed in more detail in subsequent chapters.
Alligators were provided by Rockefeller Wildlife Refuge, Grand Chenier. 
Louisiana. Alligators were hatched from eggs gathered in the wild and raised at the 
Refuge under controlled conditions optimized for animal growth [19] eliminating the 
influences of environmental variations normally found in the wild. Animals about one 
year old or less were transported to Louisiana State University just prior to experiments 
and acclimated for 10-15 days before treatment regimes lasting up to 5 days. Animals of 
this age were used because they were easier to handle, inject and maintain. Hatchling 
alligator death syndrome and the effect of drugs used to treat it, as well as other diseases 
related to alligator farming, increased the agricultural community’s interest in this age 
group [20]. As gathered eggs were hatched and released after approximately one year in 
an attempt by Rockefeller Wildlife Refuge to increase the wild population, alligators of 
this age were more readily available. Finally, the use of juvenile alligators eliminate the 
induction and activity level differences observed after sexual maturity. After arrival at 
LSU, alligators were housed under the same conditions as at the refuge with the 
exception of the use of a 12/12 day/night cycle instead of the ostensibly 24 h night cycle 
used at the refuge.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9
PB and 3MC are classical inducers of the MFO system in mammals. PB an 
3MC have gained interest for their ability to induce isoforms responsible for the 
metabolism of drugs and major classes of pollutants [105]. PB-treatment in mammals 
induces isoforms (e.g. CYP 2B) which metabolize both drugs and key classes of 
pollutants such as DDT and polychlorinatedbiphenyls (PCB)[102]. Pretreatment in 
mammals with 3MC induces CYP 1A which metabolize polycyclic aromatic 
hydrocarbons (PAH) [102]. For this reason induction of CYP 1A activity has been used 
as a biomarker of environmental exposure [59]. PB and 3MC are potent inducers of 
alligator P450 content and activities. ARO is a co-inducer of CYP 1A and 2B family 
isoforms in mammals. The xenobiotic 2,2',4,4’ tetrachlorobiphenyl (TCB) is a PCB 
which is metabolized by and induces PB-inducible isoforms as well as other isoforms in 
rat. Clofibrate (CLO) is both a peroxisome proliferator and an inducer of CYT 4A 
isoforms in mammals [102, 105]. ARO-, TCB- and CLO-pretreatment in alligator did 
not exhibit the major alterations in content or activity classically associated with these 
inducers of P450 in mammals (discussed in later chapters).
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CHAPTER 2 THE MICROSOMAL MIXED FUNCTION OXIDASE 
SYSTEM  OF AMPHIBIANS AND REPTILES: COMPONENTS, 
ACTIVITIES AND INDUCTION*
2.1 Introduction
There is now a greater awareness of the need to understand how compounds 
foreign to the body (xenobiotics) are metabolized throughout the ecosystem. These 
include toxins, mutagens and promutagens. The role of the mixed function oxidase 
system (MFO) in the metabolism of xenobiotics and endogenous compounds is well 
understood in mammals [105]. The ability of cytochromes P450 to metabolize 
xenobiotics can determine whether a compound will bioaccumulate. be toxic or be 
detoxified by an organism. How these xenobiotics are passed along and altered within 
the food chain are important secondary effects.
Considering the quantity of lipophilic xenobiotics discharged into the
environment, it is unfortunate that so little focus has been on cytochromes P450 in the
reptilian and amphibian classes. Recent studies of these classes have been undertaken
for six main purposes: 1) There is a need to understand whether xenobiotics discharged
into the environment could be activated to toxic products or be detoxified. How these
processes might effect the survival of the species is important as numerous reptilian and
amphibian species are endangered. Reports of reptiles in the literature mainly have
focused on the effects of common pollutants on the general health of the animal [61.
125]; little has been done to understand the effects of sublethal doses and their
underlying mechanisms. 2) There is need to understand how drugs used in aquaculture
of these animals are metabolized . The enzymatic rates and metabolites formed from
drugs impact their effectiveness. The ability to establish efficacious therapeutic
treatment modalities will be augmented by such data. 3) There is a need to determine the
* Reprinted with permission from Comparative Biochemistry and Physiology 
(in press)[40]. Copyright 1997 by Elsevier Science Inc.
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effects of xenobiotics as they are passed along by these animals in the food chain. This 
is particularly important in light of their increasing use as a human food source (e.g. 
alligator meat, frog legs, snake, turtle and turtle eggs). In 1995 Louisiana harvested 
158,760 wild and farm raised alligators and the United States as a whole harvested 
208,332 alligators [81]. Based on Louisiana commodity prices the gross farm value is 
17 million dollars and about 24 million dollars, respectively. Snakes, turtles and frogs 
used for human consumption are not regulated to the same degree as alligators thus, no 
comprehensive figures are currently available. Since xenobiotics discharged into the 
animal’s environment may subsequently affect the human xenobiotic burden, 
bioaccumulation and metabolite profiles are of interest. 4) There is increasing 
recognition of the induction properties of certain P450's as potential sensitive indicators 
of pollution and environmental impact. Reptiles and amphibians are often located in 
ecologically important and sensitive rainforests and wetlands. The use of P450 
induction in these animals as biomarkers could yield positive benefits. 5) There is a 
need to understand the effects of xenobiotics on steroid metabolism and developmental 
biology. The sex of various reptiles in nature is determined by the temperature of the 
nest and subsequent induced hormone levels [6, 25-27, 31, 69, 107, 109. 134]. The 
sex of offspring maybe affected, as well, by pollutants discharged into its environment 
which have estrogenic effects [54, 56]. Compounds acting as P450 inhibitors can also 
affect the sex of offspring [78]. 6) There is need to better understand model systems 
used in developmental and molecular biology. For example, the Frog Embryo 
Teratogenesis Assay (FETAX) is a developmental toxicity assay system that uses 
Xenopus oocytes as model embryos. Xenopus and newt are also extensively used as 
model systems in molecular biology [29,46].
Work to date has shown the presence of some classic isoforms, the quantity and 
activity of which are much lower than that found in most mammals [132]. The ability to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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induce or co-induce these P450s appears to be markedly different as compared to 
mammals. Such differences in isoform content, induction patterns, or specific activities 
may be manifested as differences in clearance rates and/or altered metabolism and thus, 
the breadth of MFO substrates with which an organism may be able to cope. The 
differences noted also raise important questions about the evolution of P450 in these 
animals. Reptiles and amphibians must have had unique selective pressures owing to 
the diversity of xenobiotic exposure (e.g., phytoalexins) over evolutionary history as 
compared to other classes of vertebrates. Currently, only two complete amphibian 
cDNA sequences encoding P450 have been elucidated [96,98], as well as a partial 
carboxy-terminal cDNA sequence in turtle [69] and an N-terminal amino acid sequence 
in alligator (this manuscript). The number and diversity of P450 isoforms. as well as 
their sequences, need to be determined in reptilians and amphibians before a full 
evolutionary comparison can be made.
2.2 Components of the Mixed Function Oxidase System
Monooxygenation is the result of Phase I metabolism of xenobiotic molecules. 
The system is composed of an enzyme catalyzing the monooxygenation (cytochromes 
P450) and enzymes which provide the reducing equivalents (cytochrome bs . 
cytochrome P450 reductase and other cytochrome c reductases). While P450 reductase 
mediates transfer of reducing equivalents from NAD(P)H to cytochromes P450 it can 
directly reduce certain substrates thereby bioactivating them. Reptiles and amphibians 
possess all of these components, although the amounts present appear to be less than 
that found in most mammals. The CO-difference spectrum has the typical profile in 
alligator and marsh turtle [51], while the frog Rana temporaria has a large 420 peak, 
even after optimizing conditions [75]. The basal values of total P450s content are given 
in Table 2.1 for several reptiles and amphibians. A notable exception to low P450 
content in amphibians is found in the urodele, which has the highest observed level of

















Table 2.1: Constitutive hepatic microsomal P450 specific content in amphibians and reptiles.
Animal Specific C ontent 
nm ol/m g
% of Rat* R eference
REPTILES:
Alligator (Alligator mississippiensis) 0.33 36% [67, 68[
Spectacle Caiman (Caiman sclerops) 0.30 33% [2]
Snake (Thamnophis sp.) 0.40 / 0.74 43% / 80% 1591/[I18[
Green Sea turtle (Cheloneu mydas)
(adrenal mitochondria) 0.31 171]
Marsh turtle (Mauretnys caspica) 0.40 43% 11391
Painted turtle (Chrysomyces Pit ta) 0.801 87% [59]
A M PHIBIANS:
Frog (Ram catesbeiana) 0.40 / 0.43 43% / 46% [93]/[99]
Frog (Rana nigromaculata) 0.77 84% [99]
Frog (Rana pipiens) 0.40 / 0.07 43% / 8% [112] / [118]
Frog (Rana temporaria) 0.074 8% 1631
Toad (Biifo bitfo japonicus) 0.73 80% [99]
Toad (Xenopus laevis) 0.14 / 0.10 15% / 11% [34]/[99]
Mudpuppy (Necturus maculosus) (testes) 0.6-1.8 [18]
* Assuming a rat hepatic microsomal specific content of 0.92 nmol/mg [67,68].
U)
14
testicular P450 found to date, including that of mammalian testis: the specific content is 
comparable to that of mammalian liver. Testicular P450 specific content of Urodele 
Necturus lewisii had levels as high as 3.2 nmol/mg [18].
As in mammals, the constitutive levels of P450 are not uniform throughout the 
body. The constitutive P450 content in adrenal tissue of the marsh turtle are about 609c 
of that found in liver [51, 139]. Neither is the level of P450 constant throughout a given 
organ. The testes of the amphibian Necturus maculosus has a 13-fold variance of P450 
content, reminiscent of P450 distribution in mammalian liver [108]. While the P450 
content in these animals is generally lower than in the rat, depending on the species the 
specific content of P450 in mammals varies from about 0.38 to 1.45 nmol/mg [93]. 
Reptiles and amphibians have P450 specific contents which are on the lower end of this 
mammalian range, but in some instances the enzymatic activities are significantly lower 
than mammals’ as will be discussed below.
The microsomal NAD(P)H-reductases are usually measured as a composite by 
measuring the rates and extents of reduction of cytochrome c at 550 nm in the presence 
of the appropriate cofactor. As with P450 content reptiles and amphibians typically have 
significantly lower reductase activities (Table 2.2) than mammals (e.g., 370 and 850 
nmol/min/mg for NADPH- and NADH-dependent activities in the rat, respectively).
The frog Rana pipiens, the snake Thamnophis sp. [118] and the alligator Alligator 
mississippiensis [67, 68] have 32, 12.9 and 8%, respectively, of the NADPH- 
dependent activity of the rat. In general, it appears that amphibians have a slightly 
higher reductase activity than reptiles. The NADH-dependent cytochrome c reductase 
activity in liver microsomes is approximately 4-fold greater than with NADPH (Table 
2.2). P450 in amphibians and reptiles preferentially uses NADPH for 
monooxygenation as do mammals [34, 86, 89, 99, 119]. Schwen and Mannering [118] 
measured both cytochrome c reduction and direct reduction of P450 by

































Alligator (Alligator mississippiensis) 31 125 [67. 68]
Snake (Thanmophis sp.) 48 2 [118]
Marsh turtle (Mauremys caspica) 13 1139]
AM PH IBIA N S:
Frog (Rana catesbeiana) 74 372 [99]
Frog (Rana nigromaailata) 116 524 [99]
Frog (Rana pipiens) 120 2.5 [118]
Toad (Unfa bufo japonicus) 48 268 [99]
Toad (Xenopus laevis) 82 / 76 469 ]99]/[118]
Mudpuppy (Necturus nuiculosus) (testes) 50




NADPH-reductases in snake, frog, (Table 2.2) and rat (470 & 10.5 nmol/min/mg 
receptively). Measurement of cytochrome c reductase activity, which is conducted 
under noniimiting conditions of cofactor and substrate, gives a more reasonable estimate 
of the total NADPH-reductases [118]. When P450 is used as the electron acceptor a 
lower value is obtained owing to the rate limiting steps of diffusion and association of 
P450 and P450 reductase. However, this is a more relevant measure of NADPH- 
reductase involvement in monooxygenase activity. The reduction of cytochromes P450 
is limited by the concentration of reductases and/or the ability of the reductase to reduce 
and interact with P450. The ratio of the concentration to catalytic ability should reflect 
the efficiency of the reductases for the P450s present in a given organism. Thus, if 
P450 is reduced in microsomes by the reductase at equal rates, but only half the 
reductase activity as determined by cytochrome c reduction is present, it would be more 
efficient. Ratios indicate that the efficiency of the frog is similar to that of the rat. while 
the snake is nearly two-fold more efficient.
Cytochrome b5 , another heme protein of the microsomal membrane, may also
act as a specific microsomal reductase. In rat liver microsomes it shows preference for 
NADH in the reduction of cytochrome c or cytochromes P450. Cytochrome b5 is
present in amphibians and reptiles also (Table 2.3), but the abundance is about one 
fourth that of the rat (-0.45 nmol/mg). Notable exceptions are the marsh turtle 
Mauremys caspica and the frog Rana nigromaculata, where concentrations are higher but 
are still less than the rat. The ratio of P450 to b5 ranges from 3 to 5, again with
exceptions being the marsh turtle and the toad Xenopus laevis. The difference in levels 
of bs can be manifest by differential provision of reducing equivalents to P450. In
frogs, snakes [119] and newts [86] P450 activity is synergistically affected by the 
presence of both NADH and NADPH. This synergy suggests that cytochrome b5 plays
an important role in providing reducing equivalents to P450 in concert with the other

















Table 2.3: Constitutive cytochrome b5 specific content of hepatic microsomes of amphibians and 
reptiles.
Animal nmol/mg Bs P450 / Bs R eference
REPTILES:
Alligator (Alligator mississippiensis) 0.08 4.1 [67, 68J
Snake (Thanuiophis sp.) 0.1 4 [118]
Marsh turtle (Mauremys caspica) 0.39 1 [139]
AM PHIBIANS:
Frog (Rana catesbeiana) 0.16 2.7 [99]
Frog (Rana nignmiaculata) 0.32 2.4 [99]
Frog (Rana pipiens) 0.08 5 [118]
Toad (Bufo bufo japonic us) 0.16 4.6 [99]
Toad (Xenopus laevis) 0.072 1.4 [99]
Mudpuppy (Necturus nmculosus) (testes) 0.04 -30 [18]
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reductases. As in mammals, NAD(P)H synergy is either not seen or seen only for 
specific substrates in the frogs Rana catesbeiana, Rana nigromaculata and Bufo bufo 
japonicus [99]. Thus, cytochrome b5 may vary as a mediator of electron transfer in
reptiles and amphibians depending upon the isoform and the substrate used. Albeit their 
relative abundance is significandy less than that of the rat, the typical components of the 
microsomal mixed function monooxygenases are present in amphibians and reptiles.
2.3 Cytochrome P450 Activities
The majority of monooxygenation reactions studied in amphibians and reptiles 
are involved in hormone biosynthesis or are activities associated with the CYP 1A or 
CYP 2B subfamilies. CYP 1A is markedly induced by exposure to poly cyclic aromatic 
hydrocarbons (PAH), a response that has prompted numerous studies on its potential as 
a biomarker of environmental pollution [59]. Upon induction the specific activity of 
CYP 1A for certain substrates increases markedly in microsomes, e.g.. O-dealkylation 
of ethoxyresorufin, EROD and coumarin, ECOD and benzo[a]pyrene hydroxylation 
[67, 68, 72, 73. 136]. Because EROD appears to be highly inducible in most 
vertebrates studied including fish, reptiles, amphibians and mammals [2, 59. 67. 68.
86. 126], it has become a bench mark MFO activity for studies of environmental 
exposure. The types of cytochromes P450 activities which have been investigated are 
presented in Table 2.4.
While the P450 content for amphibians and reptilians is on the lower end of the 
mammalian range, the level of constitutive activities for reptiles and amphibians is much 
lower than the rat, typically in the range of 5- to 60-fold lower. There are notable 
exceptions however. Liver microsomal fractions of some species of frogs catalyze 
certain activities at rates similar to those of mammalian sources. Benzo[a]pyrene 
hydroxylation by toad (Bufo bufo japonicus) liver microsomes is slightly less than that 
of the rat, but the frog Rana nigromaculata is 6-fold less [99]. There are several cases
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Table 2.4: Cytochrome P450 activities and induction found in amphibians and 
reptiles. Activities are hepatic microsomes unless stated.
A ctiv ity  S o u rce Induction R eference
Aldosterone 6B-hydroxylation
Toad Xenopus paeris (kidney) [94j(WC)
Aldrin epoxidation
Frog Rana pipiens [112. 132]
Toad Xenopus laevis BNF(NI). HB(NI) [34]
Aminopyrine N-demethylation
Alligator Alligator mississippiensis 3MC(1.8) [67. 68]
Snake Thamnophis sp. 3MC(1.4?). PB(NI) [119. 120]
Frog Rana catesbeiana [92. 99]
Frog Rana nigromaculata [99]
Frog Rana pipiens 3MC(I.87), PB(NI) [119. 120]
Toad Bufo bufo japonicus [99]
Toad Xenopus laevis 3MC(NI) [99]
Androstenedione hydroxylation (P450-aromatase) 
Saltwater crocodile Crocodvlus porosus
(embryonic :ovary, testis, adrenal, mesonephros) [l23](WO)
Snake Matrix taxispilota(brain) [16](WC homog.)
Green sea turtles Chelonia mydas (brain) [16](WC homos.)
Turtle Chrysemys picta (brain) [14. 17] (WC) “
Marine turtle Dermochelys coriacea [30]
European pond turtle Emys orbicularis (embryos) [107](WA)
Diamondback turtle Malaclemys terrapin
(ovaries, brains, testes) [69]
Frog Rana catesbeiana(brmn, ovary) [15](WC)
Frog Rana pipiens (oviduct) [74]
Newt Pleurodeles waltl
(gonad, gonad-mesonephric complex) [21](WO)
Mudpuppy Necturus maculosus{brain, gonad)*(testes )b [16](WC
hom og.)\[18]b
Aniline hydroxylation
Alligator Alligator mississippiensis (ND) [67. 68]
Frog Rana catesbeiana [99]
Frog Rana nigromaculata [99]
Toad Bufo bufo japonicus [99]
Toad Xenopus laevis 3MC(NI) [99]
Arachidonic acid epoxygenase
Toad Bufo marinus (bladder) [115](WO)
Benzo(a)pyrene hydroxylation
Alligator Alligator mississippiensis 3MC(10) [67. 68. 72. 73. 136]
Spectacle Caiman Caiman sclerops [2]
Snake Thamnophis sp. 3MC(2). PB(NI) [119. 120]
Salamander Ambystoma tigrinum 3MC( 14) [13]
Frog Rana catesbeiana [99]
Frog Rana nigromaculata [99]
Frog Rana pipiens 3MC(2.6), PB(NI) [119. 120]
Frog Rana temporaria DDT(NI) [63]
Toad Bufo bufo japonicus [991
Toad Xenopus laevis 3MC(7)a B[a]P(4)b [65 ]b. [99]a
Newt Pleurodeles waltl (adult) 3MC(167)a [83]a. [84]. ([85] 
WA)
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A ctiv ity  S o u rce In d uction R eference
Chlordene epoxidation
Toad Xenopus laevis BNF(NI), HB(NI) [34]
Chlordene hydroxylation
Toad Xenopus laevis BNF(NI). HBfNI) [34]
p-Chloro-N-methylaniline N-demethylation
Lizard Agama lizard PB(see text) [58]
Frog Rana ridibunda PB (NI) [58]
Corticosterone 6B-hydroxylation
Toad Xenopus paeris (A6 kidnev cell line) [117]
Coumarin Activity:
BenzyloxyCoumarin O-dealkylation
Newt Pleurodeles waltl (adult) 3MC(11). PB(NI) [86]
EthoxyCoumarin O-dealkylation
Alligator Alligator mississippiensis 3MC(1.6) [67. 68]
Spectacle Caiman Caiman sclerops [2]
Snake Thamnophis sp. BNF(NI) [59]
Painted Turtle Chrysomvces picta BNF(NI) [59]
Frog Rana catesbeiana [99]
Frog Rana nigromaculata [99]
Frog Rana temporaria DDT(NR [63]
Toad Bufo bufo japonicus [991
Toad Xenopus laevis 3MC(3) [99]
Newt Pleurodeles waltl (larvae intestine) B[a]P(2) [83] (PMS)
Newt Pleurodeles waltl (adult) 3MC(2-5):Lb. 
PB(NI)a. B[a]P(2.6)b
[84]b. [86]3
Newt Pleurodeles waltl (larvae) 3MC(2.6). B[a]P(2.6) [83]. [84] (ps & 
PMS)
MethoxyCoumarin O-dealkylation
Newt Pleurodeles waltl (adult) 3MC, PB(NI) [86]
PentoxyCoumarin O-dealkylation
Newt Pleurodeles waltl (adult) 3MC(9), PB(NI) [86]
11-Deoxycorticosterone hydroxylation
Frog Rana catesbeiana (adrenal) [98](cDNA in COS 
WC)
Dieldrin (HCE analogue) hydroxylation
Frog Rana pipiens [112]
Dodecanol hydroxylation
Frog Rana catesbeiana [89]
Ethylmporphine demethylation
Spectacle Caiman Caiman sclerops [2]
19-hydroxyandrostenedione hydroxylation
Mudpuppy Necturus maculosus (testes) [18. 108]
17 a-hydroxyprogesterone C-17,20-Iyase
Mudpuppy Necturus maculosus (testes) [18. 108]
Laurie acid hydroxylation
Alligator Alligator mississippiensis (ND) (See Fia. 2.1)
Frog Rana catesbeiana [89-91. 93]
Metyrapone N-oxidation
Alligator Alligator mississippiensis (NM) Type II binding 3MC(NI) [67]
Lizard Agama agama (ND) [33] (WA)
Tortoise Kinixys crosa (ND) [33] (WA)
Toad Bufo regularis (ND) [33] (WA)
(table continued)
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A c tiv ity  S ource Induction R eference
Naphthalene hydroxylation




[119. 120]Snake Thamnophis sp. 3MC(1.8). PB(NI)
Frog Rana pipiens 3MC(2), PB(NI) [119. 120]
Parathion desulfuration
Marsh Turtle Mauremys caspica rivulata ARO (NI) [139]
Phenoxazone Activity: (formerly know as Resorufin)
BenzyloxyPhenoxazone O-dealkylation
Alligator Alligator mississippiensis 3MC(5.2)a. PB(68)b [37]b. [67. 68]a
Newt Pleurodeles waltl (adult) 3MC(5), PB(NI) [86]
EthoxyPhenoxazone O-dealkylation
3MC(1 l)a. PB(3)be 
ARO(NI)b. TCB(NI)b 
CLO(NDb
Alligator Alligator mississippiensis [37]c.[38]b. [67. 68]a
Spectacle Caiman Caiman sclerops [2]
Turtle Chrysemys picta picta BNF(NI). TCB(NI). [140]
ARO(NI)
Painted Turtle Chrysomvces picta BNF(NS) [59]
Snake Thamnophis sp. BNF(NS) [59]
Newt Pleurodeles waltl (adult) 3MC(17.5). PB(NI) [86]
MethoxyPhenoxazone O-dealkylation





Alligator Alligator mississippiensis [37]c.[38]b. [67. 68]a
Newt Pleurodeles waltl (adult) 3MC(10), PB(see text) [86]
Progesterone 21-hydroxylation
Marsh turtle Mauremys caspica rivulata (adrenal) ARO (3) [51]
Progesterone 17 a-hydroxylation
Mudpuppy Necturus maculosus (testes) [18. 108]
Testosterone hydroxylation
Turtle Chrysemys picta (Brain) [17] (WC)
Frog Rana esculema (brain, gonad, interrenal) [50] (WC homoa.)
Frog Rana nigromaculata (ovarian follicle) [76] (WC)
Frog Rana pipiens (oviduct) [35] (WC)
Newt Triturus camifexlBrain) [49. 14l](WC
homog.)
Mudpuppy Necturus maculosus (testes) [18]
Abbreviations: (#) fold induction, (#?) fold induction only observed when activity is 
expressed on a per nmol P450 basis or when induction is observed at only one of two 
temperatures, (NM) not measured, only binding spectra, (ND) activity not detected. 
(NI) activity not induced, (NS) because of large error apparent induction is not 
significant, (WC) whole cell assay, (WO) whole organ, (WA) whole animal assay. 
(PMS) S9, post-mitochondrial supernatant, (3MC) 3-Methylcholanthrene, 
(PB)Phenobarbital,(B[a]P) Benzo[a]pyrene,(BNF) B-Naphthoflavone, (ARO) 
Aroclor.(TCB) Tetrachlorobiphenyl,(CLO) Clofibrate and (HB) Hexobarbital.
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where the activity is equal to or greater than the corresponding mammalian activities.
For example, aminopyrene N-demethylase activity of the frogs Bufo bufo japonicus and 
Rana nigromaculata [99], and ECOD activity in Bufo bufo japonicus. Rana catesbeiana. 
Rana nigromaculata [99] and the painted turtle Chrysomvces picta [59]. In general 
amphibians and reptiles have similar levels of constitutive activities (Table 2.4): frogs 
tend to be on the higher end of the distribution. As with specific contents, variation in 
P450 activities are observed between organs. In the newt Pleurodeles waltl. ECOD 
activity in liver microsomes was 2-fold greater than in intestinal microsomes: this was 
true in both the constitutive state and after induction with B[a]P [83], The level of P450 
activity also varies within a given organ between species. In the testes of the amphibian 
Necturus maculosus a variance of progesterone 17 a-hydroxylase, 17 a- 
hydroxyprogesterone C-17.20-lyase and aromatase activities are demonstrated, 
reminiscent of P450 activity distribution in mammalian liver [108]. A similar variance in 
P450-aromatase activity (androstenedione hydroxylation) is observed between lobes of 
the brain in tissue homogenates of the turtle Chrysemys picta [14, 17], the turtle 
Chelonia mydas, the snake Natrix taxispilota [16] and the frog Rana catesbeiana [15]. 
The turtle Chrysemys picta [14], for example, had a 2 to 3-fold increase in estrone 
production from androstenedione in the amygdala as compared to other areas of the fore- 
brain, with no detected activity in the cerebellum, medulla or midbrain. The aromatase 
activity in the brain did exhibit seasonal and gender variations.
Amphibians and reptiles appear to lack certain P450 activities which correspond 
to classic activities found in other classes and phyla. Established lack of activities are 
important findings and should not be ignored because they indicate differences in the 
abilities of amphibians and reptiles to deal with xenobiotic challenges. Aniline 
hydroxylase activity was not detected in alligator under assay conditions in which it was 
readily detectable in rat [67,68]. Dixon et al. [33] detected several N-oxide metabolites
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of metyrapone in urine of pigeon, rat, rabbit and cat but did not detect any in the urine of 
the frog Bufo regularis, the lizard Agama agama and the tortoise Kinixys crosa.
Laurie acid hydroxylase, an activity generally associated with CYP 4A in 
mammals, is present in liver microsomes of alligator and the frog Rana catesbeiana (Fig. 
2.1, [89-91, 93]). In the frog Rana catesbeiana, different patterns (degrees) of 
inhibition of m - and (to-1) -hydroxylation of lauric acid were observed for carbon 
monoxide, metyrapone, 7,8-benzoflavone, KCN, p-nitroanisole and 12-hydroxylaurate. 
while the oo-hydroxylation alone was stimulated by aminopyrine [90]. This suggests 
that multiple P450s are involved in the metabolism of lauric acid in frog. While the 
activity is measurable in alligator it does not appear to be regulated in the same manner 
as in mammals (see below). Whether these are CYP 4A orthologues or are other P450s 
with broad substrate specificity will require purification and sequencing. Endogenous 
P450 activities have been investigated in the bladder of the Toad Bufo marinus [115].
In whole organ studies the epoxyeicosatrienoic acids, metabolites of arachidonic acid 
epoxygenation, appear to inhibit adenylate cyclase. The effect on adenylate cyclase has 
been cited as the reason these metabolites inhibit the vasopressin response in toad 
bladder. Similarly in the A6 kidney cell line of Xenopus laevis hydroxylated 
corticosterone is an agonist for glucocorticoid/mineralocorticoid receptor which in turn 
stimulates Na+ transport [36].
2.4 Induction
Induction of the specific content of certain isoforms of cytochromes P450 and 
various activities catalyzed by them in the microsomal fraction is a major manifestation 
of exposure to various xenobiotic compounds. Therefore, to fully appreciate the breadth 
of capabilities of organisms to withstand xenobiotic challenges it is necessary to 
understand both constitutive and inducible nonconstitutive expression of isoforms. 
Induction is not only a mechanism for provision of more P450 but also one of
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Fig. 2.1: Lauric acid hydroxylase activities in liver microsomes from control and 
clofibrate-pretreated alligators and rats. Animals were pretreated by IP injection with 
clofibrate (80 mg/kg body weight) for four days. Microsomal incubations were 
conducted at pH 7.4 and 25°C. Pretreated rats exhibit a 5-fold induction of activity over 
controls, whereas alligators show no apparent induction.
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down-regulation of other P450s with important physiological functions. Alterations in 
hormonal regulation and eicosanoid metabolism may disrupt embryonic development 
and reproductive cycles. The types of induced P450s and their activities provide 
information about evolutionary challenges historically faced by organisms. P450 
activities and their fold-induction by xenobiotics are presented in Table 2.4 for several 
amphibians and reptiles. These levels of induced MFO activities are in the range of 5-to 
100-fold lower than rats. The levels of induction reported in Table 2.4 are slightly 
variable depending in part on the experimental design of each investigator. Not all of 
the MFO components are induced upon pretreatment with xenobiotic compounds. 
Cytochrome b5  in rat liver microsomes increases 40 % with 3MC-pretreatment [67] but
is not increased in the toad Xenopus laevis [99], alligator by 3MC [67] or in marsh turtle 
Mauremys caspica rivulata by pretreatment with the CYP 1A & 2B co-inducer aroclor 
[139]. Cytochrome c reductase is not significantly altered in the toad Xenopus laevis. 
alligator or rat by pretreatment with 3MC or in the Marsh Turtle Mauremys caspica 
rivulata by aroclor. In the rat the P450 content is increased about two-fold by 3MC 
[67]. P450 content was increased 2-fold in the toad Xenopus laevis by 3MC- 
pretreatment [99], and in alligator 1.5 fold [67], but was not increased in the snake by 
pretreatment with B-naphthaflavone [59] or in the turtle with B-naphthaflavone or aroclor 
[59, 139]. As alluded to above, induction of P450 content is related to how each of the 
various isoforms are induced or down-regulated. Alterations in total P450 content does 
not necessarily correspond to the degree of change in activity. For example, B- 
naphthaflavone pretreatment did not induce total P450 content in the painted turtle as 
determined from CO-binding spectra [59] but did induce a protein that was 
immunochemically detected with mouse anti-scup CYP 1A antibody [140]. Normally in 
mammals and birds induction by 3MC is accompanied by a blue shift in the CO-binding 
spectra from 450 to about 448 nm, which reflects a shift in equilibrium of different
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isoforms from a high spin to low spin population. Such a shift in spin state equilibria 
has been observed in alligator microsomes following 3MC-pretreatment [67], but not in 
the snake or the frog Rana pipiens [120].
Induction of activity by certain classic xenobiotics used in mammals give very 
different responses on pretreatment of amphibians and reptiles (Table 2.4). A general 
observation is that the induction of P450 by phenobarbital (PB) typical in mammals and 
birds may be absent in fish [126] and marine invertebrates [79]. Of evolutionary 
significance is the point in phylogeny at which induction by PB occurs. Alligator liver 
microsomes catalyze activities normally associated with CYP 2B (mammalian PB- 
inducible isoform) and these activities are induced by pretreatment with PB (Table 2.4). 
Aves and crocodilia are classified by some as archosauria [124]; the activities and 
inducibilities of cytochromes P450 in both classes could be clues of these processes in 
other archosauria and common ancestors. Evolutionary relatedness and whether certain 
induction patterns stem from an orthologous isoform will have to await molecular 
evidence. Hepatic microsomes of the frog Rana temporaria and the snake Thamnophis 
sp catalyze activities that are typical of the CYP 2B family such as aminopyrene N- 
demethylase and p- nitrophenetole hydroxylase, but these activities were not induced by 
PB-pretreatment [120]. This apparent lack of induction by PB-pretreatment in some 
amphibians may be partially mitigated in some species by higher constitutive levels. The 
constitutive microsomal aminopyrene N-demethylase activity of the toad Bufo bufo is 
similar to that of rat [99]. Aldrin epoxidation, an activity catalyzed by the CYP 2 family, 
is present in toad Xenopus laevis, however, this activity was not induced by 
hexobarbital-treatment (Table 2.4). Liver microsomes of the newt Pleurodeles waltl 
catalyze O-dealkylation of benzyloxy and pentoxy resorufin and coumarin (BROD. 
PROD, BCOD and PCOD; Table 2.4) but lack induction by PB-pretreatment: an 
exception is PROD activity [86]. PB-pretreatment induced PROD activity 2.4-fold in
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newt liver microsomes when assayed at 37°C but not at 18°C. PB-pretreated induction 
of liver microsomes had a similar assay temperature dependence in the fish Carpus 
carpus and the lizard Agama lizard [58]. In this case the lizard and fish did not have a 
significant PB-induction of p-chloro-N-methylaniline N-demethylase activity at 37°C 
but did have an induction (1.2- and 1.5-fold, respectively) when measured at 7°C. 
Under identical conditions the frog Rana ridibunda, while having p-chloro-N- 
methylaniline N-demethylase activity, did not exhibit PB-induction at either temperature
[58]. For the induction to be observed at only one temperature would suggest that the 
induced and control microsomes had different optimal temperatures or the induction was 
not robust. The newt Pleurodeles waltl did not show induction in Western blots when 
probed with a mouse anti rat CYP 2B monoclonal antibody [86]. The absence of an 
immunochemical detection of induction combined with the lack of PB-induction of 
PCOD, BCOD and BROD [86] suggest the possibility of atypical regulation of MFO by 
PB or that PB has altered the system in an undefined way. While PB does not induce 
the CYP 2 activities. BCOD and PCOD, in newt liver microsomes, 3MC does. The 
induced isoforms have substrate specificities which are essentially the reverse of those 
induced by 3MC in mammals. For example, in mammals PCOD is a preferential activity 
of the CYP 2 family, which prefer nonplanar substrates. Methoxy and ethoxy coumarin 
O-dealkylase (MCOD and ECOD, respectively) are activities of isoforms with preference 
for planar substrates. In the newt however, PCOD and BCOD activities are 
preferentially induced by 3MC-pretreatment, whereas ECOD and MCOD are only 
minimally induced, i.e., the opposite of what has been reported for mammals. Whether 
these activities are due to other isoforms with broad substrate specificity or orthologues 
with different regulation is as yet unknown.
Recently the turtle Chrysemys picta picta has been shown to have a PB-inducible 
CYP 2 family isoform [140]. The presence of PB-inducible isoforms in alligator, the
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turtle Chrysemys picta picta [140] and the lizard Agama lizard [58] but their absence in 
the frogs Rana ridibunda [58] and Rana temporaria [120], might indicate that regulation 
of CYP 2 family isoforms by PB originated with ancestors in class reptilia. The 
possible induction of CYP 2 family isoforms in the newt Pleurodeles waltl [86]. the fish 
Carpus carpus [58] and absence of induction in the snake, Thamnophis sp [120] are. 
however, enigmas that obviate against any direct conclusion. There have also been 
contradictory reports of the effects of PB and PB-type inducers on induction of P450 in 
the marine invertebrate species of Mytilus. In Mytilus galloprovincialis an increase in 
the P450 content and ECOD activity has been reported by Galli et al. [47] but 
Livingstone reports cases where no induction of P450 content is observed in either M. 
galloprovincialis or M. edulis [79]. Future work in molecular biology should resolve 
the origins of cytochromes P450 regulation by phenobarbital and related phenobarbital- 
like inducers.
In mammals CYP 4A isoforms are responsible for lauric acid hydroxylation and 
are induced by certain hypolipodemic agents and peroxisome proliferators such as 
clofibrate [48], Alligator liver microsomes catalyze lauric acid hydroxylation but it is not 
inducible by pretreatment with clofibrate (Fig. 2.1), which also fails to induce other 
p450 activities, i.e. EROD and PROD (Table 2.4). The absence of clofibrate-inducible 
mRNA as shown by northern blot analysis with a rat CYP 4A probe, combined with a 
lack of clofibrate-inducible protein in SDS-PAGE, Western blots or CO-binding spectra, 
under conditions in which parallel experiments were positive in all cases with rat liver 
microsomes, strongly suggest differential regulation of this isoform in alligator as 
compared to rat. While there is no indication in the literature that the frog Rana 
catesbeiana has clofibrate-inducible cytochromes P450, lauric acid hydroxylation in the 
frog is induced seasonally as discussed later [91]. Whether or not this is related to 
seasonal fluctuation in CYP 4A-type isoforms in the frog remains to be established. The
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absence of CYP 2 family induction by PB-pretreatment in some amphibians and its 
presence in reptiles, coupled with the observed absence of clofibrate-inducible protein 
and lauric acid hydroxylase activity in alligator and its presence in mammals, suggest 
increasing diversity and complexity of P450 regulation with higher orders of phylogeny.
A second major class o f inducible P450s is that which metabolizes planar 
polycyclic aromatic hydrocarbons (PAH). Metabolism (oxidation) of such PAH is 
predominandy catalyzed by CYP 1A in mammals. PAH are a major class of xenobiotics 
which have been intensively studied for their capacity to induce CYP 1 A. a phenomenon 
which has been exploited for its potential as a biomarker of environmental pollution. 
Three classical inducers of CYP 1A family isoforms are BNF, 3MC and B[a]P: all 
induce proteins and their respective activities in various vertebrate species ranging 
phylogenetically from fish to mammals. Thus, induction of CYP IA is highly 
conserved in nature. Both constitutive levels and associated activities of CYP 1A family 
isoforms are lower in amphibians and reptiles than in mammals (discussed above). The 
final level of activity and the degree (fold) of induction by CYP 1A inducers are 
generally lower than mammals as well. For example, the constitutive EROD activity of 
alligator liver microsomes is ca. 24-fold lower than that of rat. When pretreated with 
3MC, the induced EROD activity is 175-fold less than the induced rat. This gives a final 
level of induction of 11-fold in alligators and 78-fold in rat above their respective 
controls [67, 68]. In the amphibians and reptiles studied BNF-pretreatment did not 
induce any of the MFO activities classically associated with CYP 1A or with other 
isoforms (Table 2.4). As discussed above, the constitutive microsomal ECOD activity 
of the painted turtle Chrysomyces picta is similar to rat, though not induced by BNF 
[59]. Under the same conditions BNF induced ECOD activity of rat liver microsomes 
4- to 5-fold [59]. The lack of induction by BNF of ECOD activity in turtles and snakes
[59] is very different in its characteristics than the lack of induction of CYP 2B-like
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isoforms by PB or HB discussed earlier. While there is no induction of ECOD activity 
by BNF, there is inducdon in snake of other CYP 1 A-type acuvides with other inducers. 
For example, B[a]P hydroxylase activity was induced by pretreatment of the snake 
Thamnophis sp. with 3MC [120]. Whereas BNF, tetrachlorobiphenyl nor aroclor 
appeared to induce CYP lA-type activities in various turtles (Table 2.4). 
tetrachlorobiphenyl, aroclor and BNF do induce P450s which are recognized by a 
mouse monoclonal anti-scup CYP 1A antibody in the turtle Chrysemys picta picta [140]. 
The induction of protein with the lack of induced ECOD or EROD activity indicates the 
presence of an inducible isoform with different substrate specificity than other 
mammalian CYP 1A isoforms. a-Naphthoflavone, a known inhibitor of 3MC-inducible 
activity in mammals, inhibited B[a]P hydroxylation catalyzed by rat [67, 120]. frog 
[120], and alligator liver microsomes [67,68] but not that of snake [120]. These 
differences indicate that while the CYP 1A isoform is generally conserved there are 
significant differences in activity and regulation which warrant further investigation.
In mammals CYP 1A expression is regulated by the Ah receptor. This receptor 
has been detected with a B[a]P binding assay and partially purified from the hepatic 
cytosol of newt Pleurodeles waltl [84]. In alligator a liver cytosolic protein of -120 kDa 
is strongly recognized by an anti-mouse Ah receptor antibody (Fig. 2.2). The AhR 
ligand binding subunit of Ah receptor complex is known to vary in molecular weight 
from -95 kDa to -130 kDa in mammals [22,126] and from -115 kDa to -145 kDa in 
fish [ 126]. As expected the concentration of Ah receptor did not vary over the 3MC- 
induction time course following a single intraperitoneal injection of 45 mg/kg. In the 
painted turtle Chrysemys picta the Ah receptor has been detected by photoaffinity 
labeling with [125 I]2-azido-3-iodo-7,8-dibromodibenzo-p-dioxin in 2 out of 3 
individuals [60]. While the presence of an alligator hepatic Ah receptor was indicated by 
immunochemical detection it was not by photoaffinity labeling in a single individual
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Fig. 2.2: Western blot of alligator liver cytosols probed anti-mouse Ah receptor antibody. A protein of approximately 120 kDa 
which does not appear to be altered by pretreatment is recognized. Lanes were loaded with 40 |ig cytosolic protein from animals 
sacrificed over a 72 hour time course after IP injection with 3MC (45 mg/kg body weight).
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[60]. Detection of fish Ah receptor by photoaffinity labeling was sensitive to conditions 
of tissue preparation, such that in some fish it was not detected in each replicate. Thus, 
the alligator tissue preparation may not have been optimum for detection of the receptor. 
Although Western blot recognition in alligator was strong and dependent on the protein 
concentration, we cannot rigorously exclude the possibility that the antibody non- 
specifically recognized another protein. Which of the P450 isoforms in amphibians and 
reptiles is regulated by this receptor and its ability to increase P450 expression has yet to 
be demonstrated.
The presence of a specific P450-catalyzed activity may not be indicative of the 
effects or consequences of xenobiotic challenges. To investigate the effects or 
consequences of B[a]P activation in alligator, mutagenicity assays were used to 
determine the ability of liver microsomes to catalyze the production of mutagenic 
products [72, 73, 136]. Mutagenicity of both B[a]P and the metabolic intermediate. 
B[a]P-7,8-dihydrodiol, are markedly increased with 3MC-induced alligator liver 
microsomes as compared to control microsomes. Thus, induction of P450 with a CYP 
lA-type inducer in the alligator, as in mammals, is associated with enhanced production 
of mutagenic products [72, 73, 136].
A single intraperitoneal (IP) injection of the adult toad Xenopus laevis with 125 
mg/kg B[a]P results in a time-dependent increase in hepatic DNA damage [65]. Initial 
damage reached a peak after 60 min with a disappearance of detectable damage after 3 
hrs and a second wave of DNA damage occurring between 8-14 days, which coincided 
in time with the induction of B[a]P hydroxylation. The DNA damage occurring in the 
first 3 hrs disappears with B[a]P-pretreatments below 10 mg/kg. The cause of the initial 
DNA damage is not known, however, it is not due to an induced protein as initial 
damage was not blocked by inhibitors of transcription or translation [65]. DNA adduct 
formation and repair have been observed also in Xenopus laevis larvae which were
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exposed to B[a]P [95]. The later stages of development have greater amounts and
diversity of P450 activity, which gives rise to increased amounts and types of lesions.
DNA repair was biphasic with initial repair occurring within 24 hrs but with declining
levels o f repair extending over 6 days. Interestingly, some types of lesions were
completely repaired in 6 days, while others were not repaired at all. The exact rate of
repair depended not only on the type of lesion but also on the stage of development.
Non-repairable lesions that occurred in the later stages of development were attributed to
?
(+)-trans-anti-benzo[a]pyrene diol epoxide-N -guanine adduct. This work 
demonstrates the ability of amphibians to repair DNA damage of a P450-activated 
promutagen and underscores the various effects xenobiotic exposure may have during 
critical stages of development.
2.5 Induction Time Course
Amphibians and reptiles appear to require longer periods of time to achieve 
maximal levels of P450 protein induction and hence, the corresponding activities, than 
do mammals. In frogs and snakes, maximal B[a]P hydroxylase activity was reached on 
or before 4 days following a single 40 mg/kg intraperitoneal dose of 3MC [ 120]. In the 
salamander Ambystoma tigrinum B[a]P hydroxylase activity peaked between two and 
three days after a single 3MC injection of 10 mg/kg [13]. Studies conducted in our 
laboratory on alligator indicate that 3MC and PB, 45 and 40 mg/kg respectively, 
maximally induce the appropriate alkyl-substituted phenoxazone dealkylase activities at 
about 72 hours post-treatment [37]. Each of these induction time courses is longer than 
what is typically observed in the rat. The overall lower P450 content, the lack of 
induction of P450 proteins and activities upon exposure to certain xenobiotics when 
coupled with longer induction times will significantly alter the process of xenobiotic 
biotransformation in submammalian species.
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2.6 Seasonal, Gender, and Life Cycle Variation in MFO Induction and 
Activity
Because reptiles and amphibians are poikilothermic their MFO systems are more 
susceptible to seasonal changes in environmental conditions than those of homeotherms. 
The effect of seasonal variation on the MFO system has been studied in the urodele 
Necturus maculosus [18], in the frogs Rana catesbeiana [91, 92], and Rana temporaria 
[63] and in the newt Pleurodeles waltl [86]. The testicular microsomal P450 specific 
content of the urodele Necturus maculosus varies about 3-fold annually, from 0.6 
nmol/mg in late fall to 1.8 nmol/mg in early spring [18]. In contrast the P450 content in 
liver microsomes of the frog Rana temporaria varied 4-fold from a low in the spring of 
about 0.02 nmol/mg to a high in summer of about 0.08 nmol/mg [63]. The frog Rana 
catesbeiana hepatic microsomal P450 content varied only about 1.4-fold; the lowest level 
in the early summer was about 0.5 nmol/mg and the highest levels in the late summer 
were about 0.7 nmol/mg [91, 92]. There were slight sex differences in the P450 content 
of Rana catesbeiana; males reached a peak content earlier than females [91,92], In Rana 
temporaria females reached maximal P450 content earlier in the season than males [63]. 
Seasonal variation in NADPH-cytochrome c reductase was only examined in the frog 
Rana temporaria which had a similar pattern of variation as its P450 content [63].
Female and male Rana temporaria had similar levels of reductase activity except in 
spring, at the beginning of the spawning period, when females had half the reductase 
activity as males [63].
The seasonal variation in six P450 activities were measured in two species of 
frog [63,91,92] and the newt [86]. Liver microsomal EROD activity in the newt varied 
2-fold annually with the greatest level observed in late spring [86]. EROD activities, 
although suggestive, were not statistically different between female and male newts. 
Inducibility by 3MC of microsomal EROD activity in male newts was about 10-fold, 
raising activity to a constant level which did not vary seasonally. In contrast female
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newts showed significant seasonal variation in 3MC-inducible EROD activity.
Induction of EROD was 60-fold in the winter, 30-fold in the late spring and I O-fold in 
the seasons in-between [86]. Seasonal variation in ECOD activity was examined in liver 
microsomes of Rana temporaria. Similar to the variation observed in P450 content and 
NADPH-reductase activity, this frog had low activity in the spring, but in contrast, the 
highest ECOD activity was in the winter [63]. Seasonal changes in the level of ECOD 
activity varied about 6-fold annually. There were no significant differences in ECOD 
activity between females and males except in the spring when females had half the 
activity of males. The pattern of induction of B[a]P hydroxylase activity in Rana 
temporaria was different than that of ECOD activity or P450 content [63]. B[a]P 
hydroxylase activity was maximally induced in the late spring and was approximately 
2.5-fold lower the remainder of the year. While female and male Rana temporaria 
exhibited no significant differences in B[a]P hydroxylase activity in the fall and winter, 
females contained higher activity than males in the spring and early summer. In Rana 
catesbeiana lauric acid hydroxylase activity varied about 4-fold annually [91] while 
aminopyrine N-demethylase and p-nitroanisole O-demethylase activities varied annually 
less than 2-fold [92]. Maximal lauric acid hydroxylase activity in Rana catesbeiana was 
observed in spring [91] while maximal aminopyrine N-demethylase and p-nitroanisole 
O-demethylase activities occurred in summer [92]. In a similar seasonal pattern male 
Rana catesbeiana had a 2-fold greater lauric acid hydroxylase activity than females in the 
spring and an equal or greater level of activity the remainder of the year. Female and 
male Rana catesbeiana showed similar seasonal variation of p-nitroanisole O- 
demethylase activity, however aminopyrine N-demethylase activity in males peaked 
earlier in the summer than in females [92]. Although varying as much as 2-fold at 
certain times, the overall annual variation in constitutive MFO content and activities in 
females and males were similar in the newts and frogs examined. As might be expected,
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gender differences in metabolite profiles of hormone synthetic pathways have been 
observed in P450-aromatase activity of gonadal cell homogenates in the urodele 
Necturus maculosus [16] and frog Rana catesbeiana [15]. Male turtles Chrysemys picta 
also had 2- to 3-fold higher levels of estrone production from androstenedione in certain 
parts of the brain than females in brain cell homogenates [14], The observed circannular 
variations in P450-dependent activities differed according to the substrates being acted 
upon. This suggests that isoforms are being regulated to meet different needs 
throughout the year. These seasonal variations in MFO content and activity have been 
attributed to changes in temperature, nutrient availability, seasonal changes in lipid 
content, and annual reproductive cycle. The exact relationship of these seasonal 
variables to P450 regulation has yet to be determined and merits continued investigation.
Cytochromes P450 content and corresponding activity vary as a function of life 
cycle in the newt and toad Xenopus laevis [34, 83, 84]. The constitutive activity of 
B[a]P hydroxylase in adult newt hepatic microsomes are about 60% that of larvae [83]. 
Intraperitoneal injection of adult newts with a single does of 3MC ( 10 mg/kg) caused a 
nearly 200-fold induction in B[a]P activity, while larvae exposed for 48 hrs to 0.5 mg/1 
of 3MC in their rearing medium had only a 10-fold induction. The final induced level of 
B[a]P hydroxylase activity was 10-fold greater in the adult as compared to larvae. The 
observed differences in induction may reflect in part the different routes of xenobiotic 
administration. Constitutive ECOD activities were similar in adult newts and larvae 
[84]. As before, adult newts received IP injections of 10 mg/kg 3MC and larvae were 
exposed to 0.5 mg/1 in their rearing medium for 48 hrs. ECOD activity was induced by 
3MC in adults (2-fold) and to a slightly greater extent in larvae (2.6-fold). This 
differential induction between adult and larvae with 3MC-pretreatment in ECOD and 
B[a]P hydroxylation implies adaptation of the MFO system to compensate for various 
stages of the life cycle. Pretreatment with B[a]P caused a similar 2.7-fold induction of
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ECOD activity in adults (100 mg/kg IP) and larvae (0.5 mg/1 for 48 hrs in rearing 
medium). One possibility is that induction by B[a]P is under different regulatory control 
than that by 3MC. As the toad Xenopus laevis develops from the tadpole to adult stages 
there is a consistent weekly increase in the amount of microsomal protein in the liver (to 
2-fold), the P450 content (to 4-fold), aldrin epoxidation (to 30-fold), and naphthalene 
hydroxylation (to 3-fold) [34]. The cytochrome c reductase activity remains fairly 
constant over this period. Similarly the crocodile Crocodylus porosus exhibited a 110- 
fold increase in P450-aromatase activity in tissue from the gonad-adrenal-mesonephric 
complex during embryonic development [123]. In contrast to the linear increase in 
Xenopus development, the increase in aromatase activity in crocodile was biphasic. with 
the greatest change observed later in embryonic development.
To ensure efficacious use of monitoring changes in P450 content and activity as 
biomarkers of environmental contamination, and to better understand the unique 
adaptations to these variables in amphibian and reptilian species, rigorous attention to the 
kinds of variability associated with seasonal change, gender and life cycle will be 
required.
2.7 Temperature and pH Effects
In poikilothermic organisms, enzymes may adapt to the wide variety of 
temperatures annually encountered during periods of activity. A temperature optimum 
of 25 °C has been reported for aldrin epoxidation and naphthalene hydroxylation 
catalyzed by Xenopus laevis liver microsomes in vitro [34]. The optimum temperature 
was 20 °C for B[a]P hydroxylase activity catalyzed by liver microsomes from 3MC- 
induced salamanders Ambystoma tigrinwn [13] and for microsomal ethylmorphine 
demethylase and B[a]P hydroxylase activities of the spectacle caiman Caiman sclerops. 
An optimum of 30 °C was observed in the same caimans for ECOD and EROD activities 
[2]. The frog Rana pipiens and the snake Thamnophis sp show temperature optima of;
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31 to 37 °C for aminopyrine N-demethylase, benzo[a]pyrene hydroxylase and p- 
nitrophenetole hydroxylase activities [119]. The temperature optimum for cytochromes 
P450-dependent conversion of androstenedione to estrogen by oviduct microsomes of 
the frog Rana pipiens is 37°C [74]. The temperature optimum of androstenedione 
hydroxylase activity and subsequent production of estrone in brain cell homogenates of 
female turtle Chrysemys picta is 27°C, which is near the temperature found in turtles 
basking in the sun [14]. The temperature optimum for P450-aromatase activity in 
ovarian and adrenal tissue of the crocodile Crocodylus porosus is 32 °C, which is 
coincident with the sex determining temperature during embryonic development. Liver 
microsomal O-deaikylation of substituted phenoxazones and coumarins was compared 
in the newt Pleurodeles waltl at 37°C and 18 °C [86]. All of the O-dealkylations were 
higher at 37°C with the exception of EROD activity which was greater at 18 °C. It is 
recognized that the optimum temperature of a given enzymatic activity measured in vitro 
is not necessarily indicative of the conditions experienced in vivo [64]. These lower 
opumal temperatures may reflect evolutionary selective pressure to adapt certain 
activities to the lower ambient temperatures found during the time of the year in which 
they are in greatest demand.
Busbee et al. [13] studied the effects of temperature on induction of P450 by 
3MC in liver organ culture of salamander Ambystoma tigrinum. At 25 °C the greatest 
induction of B[a]P hydroxylation was observed (15-fold) when pretreated with 16 mg/1 
of 3MC. The maximum level of induction at 37 °C and 15°C was one half that at 
25°C. To reach this degree of induction at 37 °C and 15°C only required 4 and 10 mg/1 
of 3MC, respectively. Increasing the administered dose of 3MC at either temperature 
did not result in a greater degree of induction [13]. While 25°C had the greatest level of 
induction, 37 °C demonstrated the greatest sensitivity to low levels of xenobiotics.
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Thus, optimal induction after a single pretreatment with 3MC appears to be a trade-off 
regulated by temperature and the dosage of xenobiotic administered.
The optimum pH for catalysis of aldrin epoxidation or naphthalene 
hydroxylation by uninduced liver microsomes of the toad Xenopus laevis [34]. and 
catalysis of aminopyrine N-demethylation, B[a]P hydroxylation and p-nitrophenetole O- 
deethylation by liver microsomes of the frog Rana pipiens and the snake Thamnophis 
sp. [119] was 7.4 - 7.5. Oviduct microsomal androstenedione hydroxylation of the frog 
Rana pipiens exhibited a broad pH optima of 7.4 to 10: the activity varied only 19c over 
this range [74]. Catalysis of ECOD and EROD activity by liver microsomes from the 
newt Pleurodeles waltl had pH optima of 7.4 and 7.7, receptively [86]. Spectacle 
caiman Caiman sclerops liver microsomes exhibited pH optima for ethylmorphine 
demethylation of 8.0-8.5, B[a]P hydroxylation of 7.5, ECOD of 7.5 and EROD of 8.0 
[2].
2.8 The Role of P450-Aromatase in Sex Determination
P450-aromatase is involved in the biosynthesis of estrogen from androgen 
precursors. The involvement of these steroids in sex determination lead Bogart in 1987 
[6] to propose that the regulation of aromatase was in part responsible for sex 
determination. Bogart hypothesized that a gene on the W chromosome of the sex 
determination system within the ZZ/ ZW genotype of some reptiles, altered expression 
of aromatase activity in a manner that favored production of females. Thus, one could 
envision for reptiles with temperature-dependent sex determination that temperature 
regulated the expression and/or the activity of the aromatase. Turtles and crocodylia 
discussed here exhibit temperature-dependent sex determination. At 30°C, the 
temperature which produced mostly females, the Crocodile Crocodylus porosus 
aromatase activity increased during the period of ovary differenuation in the gonad- 
adrenal-mesonephric complex [123]. The in vitro ovarian aromatase acdvity measured
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in the whole organ was optimal at 32°C intermediate to the 100% female and male 
producing temperatures. At the male producing temperature of 35°C the aromatase 
activity was 9-fold less supporting the idea that temperature-dependent sex determination 
may regulate aromatase activity. In the american alligator, females were produced with 
the application of estradiol at the male producing temperature of 33°C [78]. Aromatase 
inhibitors aminoglutethimide and 4-hydroxyandrostenedione moderately disrupted 
ovarian development while Ciba Geigy 16949A inhibited ovarian development in all 
embryos. Male regression of Mullerian ducts was not observed. Thus, in these closely 
related crocodylia it is indicated that steroids and aromatase activity are important but 
sex determination is dependent on other factors as well.
Similar to the crocodile, the turtle Emys orbicularis demonstrates thermal 
regulation of aromatase with increased activity during the thermal sex determining 
period at the female producing temperature (30°C) while remaining low at 25°C. the 
male producing temperature [107]. The Anti-Mullerian hormone, an inhibitor of 
aromatase in mammals responsible for regression of Mullerian ducts in male embryos, 
decreased aromatase activity in embryonic ovaries of Emys orbicularis to the level found 
in the testes. Aromatase activity present in the gonads of the marine turtle Dennochelys 
coriacea during embryonic development was higher at the female determining 
temperature of 30.5°C than at the male sex determining temperature 27°C [30]. 
Endogenous estrogen levels were only observed at 30.5°C concomitant with the 
increased aromatase activity. Treatment of the turtle Malaclemys terrapin with estrogen 
produced females at male producing temperatures [69]. Application of aromatase 
inhibitor, fadrozole (CGS 16949a), to Malaclemys terrapin at female producing 
temperatures induced partial male-like gonads, while the aromatase inhibitor 4- 
hydroxyandrostenedione did not alter the normal female development of the gonads. In 
the turtle Trachemys scripta treatment of eggs at male producing temperatures with
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estrogenic agonists [134] or testosterone [27,134] lead to a greater production of 
females. Treatment of eggs with estrogenic agonists or testosterone at female producing 
temperature showed little effect. Dihydrotestosterone administration caused male sex 
determination only at intermediate incubation temperatures [27]. Aromatase (CGS 
16949A [27, 135] & CGS 20267 [27])and reductase (MK906,4MA [27]) inhibitors 
were used to discriminate between the effects of aromatization of testosterone to 
estradiol and the reduction of testosterone to dihydrotestosterone [27]. Reductase 
inhibitors led to production of females at intermediate temperature, these alterations in 
sex ratio were not dose dependent. In contrast aromatase inhibitors resulted in male 
production at intermediate and all female producing temperatures [27, 135]. These 
results suggested that aromatase and estrogen receptors are involved in the steroid- 
induced ovarian determination while reductase and androgen receptors may be involved 
in testis determination of the turtle Trachemys scripta. These observations are supported 
in the snapping turtle Chelydra serpentina which produces females with the application 
of estrogen at all temperatures [109]. At female producing temperatures testosterone 
did not increase the production of males. Aromatase inhibitors in the snapping turtle 
produced males at intermediate and female producing temperatures again demonstrating 
a pivotal role for aromatase in female sex determination. In contrast to Trachemys 
scripta dihydrotestosterone in the snapping turtle did not alter the sex determination at 
female producing temperature, suggesting that these male turtles do not have a separate 
mechanism of sex determination. Therefore, while aromatase is consistently important 
in female determination, the mechanism of temperature-dependent sex determination 
may vary between species of turtle [109].
The parthenogenic lizard Cnemidophorus uniparens produces 100% females in 
unmanipulated embryos. Treatment of Cnemidophorus uniparens with the aromatase 
inhibitor CGS 16949A resulted in the induction of male sex determination [135]. In a
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companion study aromatase inhibitors (CGS 16949A & CGS 20267) administered at 
levels of l(ig or greater before day 20 of development similarly induced male sex 
determination. In contrast, administration of inhibitor after day 20 of development or 
concentrations of 0.1 p.g or less expressed normal female development indicating that 
sex determination becomes committed after a certain stage of development [133]. This 
not only supports the contention that aromatase activity is important in female 
development but that male sexual determination is not lost in this parthenogenic species.
Aromatase activity of amphibians has been characterized in brain and ovary cell 
homogenates of the Frog Rana catesbeiana [15], oviduct microsomes of the Frog Rana 
pipiens [74, 106], in brain, gonad cell homogenates [16] and testes microsomes [18] of 
the Urodele Necturus maculosus. In the frog Rana esculenta aromatase activity has been 
found in cell homogenates of brain, gonadal and interrenal organs [50]. The gonadal 
and interrenal aromatase activity has been implicated in the short captivity stress 
response which alters steroid levels effecting several reproductive functions. 
Testosterone-pretreatment of the adult female frog Rana pipiens caused enlargement of 
the oviduct [35]. The enlarged oviduct tissue demonstrated an increased ability to 
convert testosterone to estradiol than controls on a per mg tissue basis, implicating 
aromatase activity in the testosterone enlargement of the oviduct. Changes in steroid 
secretion have been associated with alteration in aromatase activity during ovarian 
follicle development in the frog Rana nigromaculata [76]. The dose dependent induction 
of ovarian follicular aromatase activity by 25-OH cholesterol has been demonstrated in 
the of the frog Rana pipiens [106]. In the adult male newt Triturus camifex onset of 
courtship behavior is associated with the prostaglandin F2a-induction of aromatase
activity [49,141]. The newt Pleurodeles waltl has ZZ/ZW genotypic sex determination 
with thermosensitive gonadal differentiation. Under normal conditions ZW females 
exhibit significantly higher aromatase activity in gonadal or gonad-mesonephric complex
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tissue than ZZ males starting with stage 52 of development [21]. During 
thermosensitive periods of development elevation of temperature to 32°C causes sex 
reversal of ZW animals and is correlated with low aromatase activity similar to levels 
found in ZZ males.
The exact mechanism of sex determination in amphibians and reptiles is yet to be 
elucidated but the pivotal role of P450-aromatase has been demonstrated. The 
importance in understanding steroid metabolism in determining the fate and disposition 
of xenobiotics is highlighted by Guillette Jr. et al. who have examined the effect of 
environmental pollution on the normal reproductive development of alligators [55. 56]. 
Contaminated sites contained elevated levels of dicofol and DDT which can be 
bioactivated by hepatic P450 and are known to exhibit estrogenic effects. Female 
alligators collected from certain polluted sites had higher ratios of estrogen to 
testosterone and elevated levels of estradiol when compared to animals from more 
pristine areas. Male alligators had low levels of testosterone and again higher ratios of 
estrogen to testosterone. Alligators from contaminated areas exhibited abnormal 
testicular and ovarian morphology along with altered hormone levels. The recent failure 
in alligator recruitment from these polluted areas is attributed to these morphological 
abnormalities [56, 57].
2.9 Western and Northern Blots
The most common ways of identifying the isoforms of P450 responsible for an 
induced activity are Western blot analysis of induced proteins, Northern blot analysis of 
mRNA transcripts, characterization of a purified protein and amino acid or cDNA 
sequence analysis (discussed later). As compared to other vertebrates (mammals, birds, 
fish) these techniques have been used considerably less in the characterization of P450 
from amphibians and reptiles. Very few proteins have been purified, or DNA isolated, 
from which antibodies or molecular probes can be constructed. Investigations to this
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point have relied on antibodies and probes made to P450s from other vertebrates. These 
techniques work well on highly conserved isoforms (ex. CYP 1 A), but with less 
conserved P450s there may be cross-reactivity with other subfamilies. Recognition of 
proteins by antibodies prepared to mammalian and fish CYP 1A [126] isoforms has 
been used to indicate induction of homologous (orthologous) proteins by 3MC- 
pretreatment in the alligator [67, 136]. The induction of a CYP 1A homologue 
(orthologue) is supported by observed increases in CYP 1A type activity and 
mutagenicity by 3MC-pretreatment. Similarly, in the turtle Chrysemys picta picta, 
tetrachlorobiphenyl, aroclor and/or BNF induce proteins which are recognized by a 
mouse anti-sen/? CYP 1A antibody [140]. As discussed earlier, induction of this protein 
by BNF-pretreatment was not associated with an increase in EROD, a typical CYP 1A 
activity [140], The increase in protein content but not EROD activity implies that the 
induced protein is not the isoform primarily responsible for the metabolism of 
ethoxyphenoxazone in this turtle. Aroclor-pretreatment in the marsh turtle Mciuremys 
caspica rivulata induces a liver microsomal P450 recognized by anti-scup CYP 1A 
antibody [138]. The observed induction in marsh turtle is corroborated by a 
concomitant 5-fold increase in P450 specific content. Mouse anti-scup CYP 1A 
antibody has also recognized proteins in the frog Rana catesbeiana and the southern 
painted turtle Chrysemys scripta elegans [126]. Hepatic microsomal proteins in the 
spectacle caiman Caiman crocodylus crossreact with polyclonal antibodies raised against 
rat CYP 1A1, 1A2 and 2C11 [113]. Antibody to a fish (scup) P450B ( a putative CYP 
2B by sequence homology) cross-reacts with proteins induced by PB in the turtle 
Chrysemys picta picta [140]. Proteins that are immunoreactive with a mouse anti rat 
CYP 2B monoclonal antibody have also been observed in newt liver microsomes [86]. 
However, these proteins were induced by PB-pretreatment for only one of the examined 
activities and then only under certain assay conditions (discussed earlier). In Xenopus
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paeris A6 kidney cell line, a dexamethazone and a corticosterone-inducible P450 was 
recognized when co-developed with antibodies to human and rat liver CYP 3 A3 and 
3A1, respectively [117]. The same antibody inhibits the CYP 3A-preferred activity, 
corticosterone 6B-hydroxylation, in kidney microsomes. Northern blot analysis 
indicated that mRNA from the Xenopus A6 kidney cell line hybridizes with rat and 
human probes to CYP 3A. Southern blot analysis of digested genomic DNA from the 
Xenopus A6 kidney cell line gives a banding pattern similar to rat [117]. Preliminary 
studies of alligator liver microsomes in our laboratory indicate the presence and 
induction of isoforms with epitope regions homologous to mammalian CYP 2B. 2C. 
2E, 2K and 3 A subfamilies. Furthermore, our results indicate the presence of proteins 
that cross-react with more than one antibody, even if the antibodies are monospecific in 
classes or phyla for which they were created, albeit this cross-reactivity appears to be 
limited to within an individual gene family. For example, a purified protein inducible 
with PB crossreacted to antibodies for CYP 2B, 2C, 2E, and 2K. but was not reactive 
with a CYP 1A antibody. The activities commonly associated with PB-inducible 
enzymes were expressed, which is consistent with the induced protein being a member 
of the CYP 2 family. The data were not sufficient to rigorously assign the induced 
protein to a particular subfamily. When P450s in the CYP 2 family from other non­
mammalian species have been sequenced new subfamily designations had to be 
assigned, indicating that they were not homologous to any specific mammalian CYP 2 
subfamily (e.g., CYP 2Q in Xenopus, 2L in lobster, 2H in chicken, 2K and 2M in 
trout). The ability of a protein to cross-react with various antibodies to mammalian 
P450s within a gene family is not sufficient to rigorously conclude that the alligator 
P450 has epitope regions derived from the progenitor that gave rise to the various 
mammalian isoforms. The short epitope homology required for antibody recognition 
could be a coincidence. While cross-reactivity of antibodies with other subfamilies in a
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given family creates problems, use of several antibodies with different epitopes to the 
same isoform, combined with other supporting data, provides reasonable evidence of 
the presence of different isoforms.
The use of molecular probes across classes and phyla to detect mRNA induction 
in reptiles and amphibians has had a certain degree of success. A rainbow trout CYP 1A 
cDNA probe hybridizes with RNA of the turtle Chrysomyces picta, the snake 
Thamnophis sp., the frog Rana pipiens [59], and alligator (Fig. 2.3). Induction of 
mRNA is observed in snake liver subsequent to BNF-pretreatment. While a trend is 
observed in the turtle liver after BNF-pretreatment and in the alligator liver after 3MC- 
pretreatment it was not statistically significant due to high standard deviations. The 
question as to whether or not these isoforms are transcriptionally regulated is left 
unanswered. High variability may be an indication that the probes are recognizing more 
than one sequence at stringency levels needed to observe hybridization of these probes 
across classes of vertebrates. Similarly human CYP 2B and CYP 2E cDNA probes 
hybridize with alligator RNA and might suggest mRNA induction after PB-pretreatment. 
but was again not statistically significant because of large standard deviations (Fig. 2.4). 
PB-pretreated alligators did have a significant increase in RNA that hybridized with a 
human CYP 2D cDNA probe 6 hours after injection (Fig. 2.4) but did not hybridize 
with a human CYP 2C probe. A rat CYP 4A1 cDNA probe hybridized to alligator RNA 
but was unaltered after clofibrate-pretreatment.
2.10 Sequences
There are only four sequences available for amphibian or reptilian P450s.
Adrenal CYP 11B2 in the frog Rana catesbeiana has been sequenced (GenBank 
accession number D10984) [98, 101] and found to have 52% identity with the bovine 
full length amino acid sequence. It has enough homology to be classified together with 
bovine as a CYP 11B2 [96]. A phylogenetic tree of the CYP 1 IB subfamily indicates
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Fig. 2.3: Northern blot analysis of control and 3MC-pretreated alligator liver RNA. 
Animals were pretreated by IP injection with 3MC (45 mg/kg body weight) and 
sacrificed over a 72 hour time course. Blots with 20 jig/lane of isolated RNA were 
hybridized with a trout Oncorhynchus mykiss CYP 1A1 cDNA probe and detected by 
autoradiography with methylene blue dye to standardize the efficiency of RNA transfer. 
Each time point represents replicates of 3 pretreated alligators. Controls are replicates of 
a single alligator, (mean + S.E.M.)
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Fig. 2.4: Northern blot analysis of control and PB-pretreated alligator liver RNA. 
Animals were pretreated intraperitoneally with PB (40 mg/kg body weight) and 
sacrificed over a 72 hour time course. Blots with 20 (ig/lane of isolated RNA were 
hybridized with human CYP 2B, CYP 2D and CYP 2E cDNA probes and detected by 
autoradiography with methylene blue dye to standardize the efficiency of RNA transfer. 
Each time point represents replicates of 3 pretreated alligators. Controls are replicates of 
a single alligator, (mean ±  S.E.M.)
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that the frog enzyme diverged early in evolution from other vertebrates. The 
classification of the specific isoform (CYP 11B2) could not have been made on the basis 
of its catalytic activity alone. While members in the CYP 1 IB subfamily catalyze 
different glucocorticoid and mineralocorticoid biosynthetic activities, gene sequences did 
not agree with expressed activity [98]. A clone containing cDNA encoding the 100 
amino acids at the carboxy-terminus of the ovarian P450-aromatase has been sequenced 
in the turtle Malaclemys terrapin [69]. While this sequence has high homology with 
mammalian aromatases assignment of subfamily designation awaits full sequencing of 
this gene.
In the CYP 2 family only 2 sequences are known, the full length cDNA 
sequence of CYP 2Q of the toad Xenopus laevis and the N-terminal sequence (50 amino 
acid residues) of a PB-inducible alligator P450 (Table 2.5). The CYP 2Q in Xenopus 
laevis, sequenced by Ohi et al., appears in the GenBank data base, accession number 
D50560 [96] however, we are not aware of this sequence having been published at the 
time of this writing. The Xenopus laevis and alligator sequences have 40% homology 
in the N-terminal region. As discussed earlier, the alligator isoform has typical CYP 2 
family activities, is recognized by antibodies to the CYP 2 family and is inducible by 
phenobarbital. In contrast, the toad exhibiting CYP 2 family activities (Table 2.4) is not 
inducible by hexobarbital [34]. It is difficult to categorize these isoforms since most 
non-mammalian isoforms in the CYP 2 family fall into new subfamilies.
2.11 Conclusion
The cytochromes P450-dependent microsomal mixed function oxygenase system 
is the main pathway of xenobiotic metabolism. Although these heme-proteins have been 
extensively studied in mammals they have been studied to a lesser extent in 
submammalian vertebrates, e.g., birds, fish and other organisms. As the intensity of 
study to understand the effects of xenobiotics at the ecosystem level increases

















Table 2.5: The N-terminal amino acid sequence of amphibian and reptilian CYP 2 family isoforms. PB-inducible liver microsomal 
P450b from Alligator mississippiensis (2) is compared to the classic PB-inducible CYP 2B1 isoform [128] (GcnBank accession # 
L00320) from rat, (1), and the only other known 2-family sequence in amphibians or reptiles, CYP 2Q1 (GenBank accession # 
D50560) from Xenopus laevis (3). The alligator has 38% and 40% identical sequence homology with the rat and Xenopus 
respectively, after sequence alignment.
(1 ) MEPS ILLLLALLVGFLLLLVRG- HPKSRGNFPPGPRPLPLLGNLLQLDR 48
(2 ) MDAGTTGILILLLLI- FVLCYLVLE- INRKRAQLPAGPAPWXILGNXXQTDV 5 0
(3 ) MDTSWLWTI.IiLSLLISCILIYSTWNKMYRKR-NLPPGPTPIPLF(aiVIiQIKR 51
UlO
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cytochromes P450 from a much broader array of organisms will be studied.
Amphibians and reptiles are important links in the phylogenetic tree between mammals 
and fish. These animals show striking differences from the classic mammalian models. 
Overall they have a lower content of the components of the MFO system, lower catalytic 
activities, are induced to a lesser extent and respond more slowly to certain xenobiotic 
challenges, e.g. longer induction times of inducible protein expression upon exposure. 
Evolutionarily, these smaller systems must have met the historical needs of these 
animals, which raises the question of whether they were exposed to smaller quantities of 
xenobiotics or had alternative mechanisms for dealing with the toxic effects of 
xenobiotics. Practically, they can provide valuable insight into the processes of 
cytochromes P450 evolution. To date research in these two vertebrate classes has 
focused on the CYP 1 and CYP 2 families with only a few isoforms in each being 
studied. Available data has shown that some of these isoforms catalyze the anticipated 
classical activities (Table 2.4), but there have also been some notable absences (e.g. 
aniline hydroxylase activity in alligator and PB-induction in some amphibians and 
reptiles). The absence of certain activities and induction responses may limit the breadth 
of xenobiotic challenges which can be metabolized by these animals. Whether or not 
these absences are real or indicate altered catalytic and regulatory sites remains to be 
established. Whereas in mammals 3MC- and BNF-pretreatment produce similar 
responses they produce different responses in reptiles and amphibians. For example. 
3MC-pretreatment in alligator [67, 136] and BNF-pretreatment in the turtle Chrysemys 
picta picta [140] induce proteins that are recognized by CYP 1A antibody, but protein 
inducible by BNF did not catalyze classical CYP lA-preferred activities, whereas 3MC- 
inducible protein did. Further research will determine whether 3MC and BNF. which 
induce the same CYP 1A isoforms in mammals, in fact induce different proteins with 
unique substrate specificities in reptiles and amphibians. With the exception of
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alligators, the turtle Chrysemys picta picta, possibly the newt Pleurodeles wait! and 
possibly the lizard Agama lizard, reptiles and amphibians appear to lack PB-inducible 
proteins and associated activity: although the constitutive activities associated with the 
CYP 2 family are present. The detection of CYT 2B protein by Western blot analysis of 
newt liver microsomes, coupled with the constitutive activities associated with the CYP 
2 family throughout these classes indicate that constitutive isoforms are present and that 
it is regulation which has evolved. Although the alligator and the turtle exhibit PB- 
inducible proteins it remains to be established whether the quandarous data in the newt 
Pleurodeles waltl and the fish Carpus carpus indicate a true PB regulation or whether 
this form of regulation originate with the ancestors of reptiles.
There are only three mutagenicity studies in the literature of a xenobiotic 
inducing bioactivation of a promutagen to an observable mutagenic endpoint, i.e. B[a]P 
in Xenopus laevis and alligator. It is not known whether all the compounds that are 
mutagenic in mammals are mutagenic in reptiles and amphibians or whether 
mutagenicity is related to carcinogenesis as is often the case in mammals [1. 82]. The 
degree to which xenobiotics are detoxified in mammals relative to lower invertebrates is 
a pursuit that should have significant heuristic value. The differences in activities and 
inductions described here may help yield answers about the evolutionary trends behind 
these alterations. A full understanding of how amphibians and reptilians fit into the 
overall scheme of evolution of cytochromes P450 super gene family will require more 
information about the identity and characterization of the various isoforms present and 
their DNA sequences. Such additional sequence information will help researchers to 
construct antibodies and molecular probes with higher isoform specificity for these 
classes with the same efficiency as current probes serve the mammalian class. The 
observed differences between the classic mammalian model and these classes in isoform 
specificity, types of inducers and induction times must be considered when using
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induction of cytochromes P450 as biomarkers of environmental damage. The long 
induction times reported in amphibians and reptiles make elevated levels of P450 easily 
visible 8 to 12 days after initial exposure to xenobiotics [13, 120], This may be 
advantageous when monitoring ecological systems as longer periods between samples 
can be used and still ensure detection of short term exposures to pollutants. When 
combined with level and type of activities, lengthy P450 induction times will alter the 
duration, the amount and the type of drugs used in the aquaculture of these organisms. 
In light of the increasing use of these animals as agricultural commodities the lack of 
approved, safe and effective drugs for the aquaculture of reptiles and amphibians poses 
possible direct and indirect health risks to humans. Economic impact to the farmer may 
also be a consequence in the form of loss of production [42]. The absence of approved 
drugs stems from the low gross market value of certain minor species precluding the 
amount of research previously required for the approval process. The US Food and 
Drug Administration’s mandate calling for the investigation of minor use drugs and 
alteration of the guidelines is to encourage applications for drugs in these minor 
agricultural species [41-44, 87, 88, 116]. New animal drug applications are now 
permitted to use data supporting an already approved major use drug [42]. The Food 
and Drug Administration’s Center for Veterinary research subsequently sponsored an 
extramural drug research program for minor species [122] to examine the basis for the 
extrapolation of data from approved major use drugs to minor use drugs for fish, game 
birds and similar food animals [129]. The diseases associated with the aquaculture of 
reptiles, in particular alligator, are starting to be investigated along with the effects of 
some classic major use drugs [8, 19, 20, 100, 110], Research in this area points out the 
inherent problems in trying to extrapolate the effects and consequences of drugs to 
species which have markedly different xenobiotic metabolism than the major agricultural 
species.
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Data from studies of amphibians and reptiles examined in this review indicate the 
fallacy of extrapolating from the mammalian model to predict the ultimate fate and 
disposition of xenobiotics throughout the ecosystem. A more global aspect of research 
on P450-dependent metabolism of these animals may be to benefit efforts for ensuring 
survival of endangered amphibians and reptiles by understanding the effects of 
xenobiotics with which they are challenged. Finally, amphibians and reptiles may prove 
useful as sentinels of environmental pollution in ecologically-sensitive rainforests and 
wetlands, i.e., the ecosystems in which they frequently inhabit.
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CHAPTER 3 INDUCTION TIME COURSE OF CYTOCHROMES P450
BY PHENOBARBITAL- AND 3-METHYLCHOLANTHRENE- 
PRETREATMENT IN LIVER MICROSOMES OF 
A L L IG A T O R  M IS S IS S IP P IE N S IS
3.1 Introduction
The American alligator (Alligator mississippiensis) has become an important 
agricultural commodity both for its meat and hide since its removal from the endangered 
species list. It is the most economically important cultured reptilian species in Louisiana 
with 158.760 wild and farm raised alligators harvested in 1995 [81]. In the same year 
the United States as a whole harvested 208,332 alligators. Based on Louisiana 
commodity prices the annual gross farm value is about 17 million and 24 million dollars 
in Louisiana and the U.S., respectively.
The effect and metabolism of drugs used in aquaculture of this organism are of 
particular importance in light of the U.S. Food and Drug Administration's mandate 
calling for the investigation and development of minor animal use drugs and alteration of 
the guidelines to encourage application for drug approval in minor agricultural species 
[41-44,87, 88. 116]. The absence of currently approved drugs stems from the 
comparatively low gross market value of these minor species, which precludes the 
amount of research previously required in the approval process. Diseases associated 
with the aquaculture of alligators and the effects of some classic major use drugs are 
starting to be investigated [8, 19, 20, 100, 110]. The lack of approved, safe and 
effective drugs for alligator aquaculture poses direct and indirect human health risks in 
light of the increasing use of these animals as agricultural commodities [42].
Understanding how this reptile metabolizes pollutants and other xenobiotics 
from farm run-off and chemical industry discharge into its environment [67.68] is of 
concern as exposure not only threatens this organism, but as a food commodity is a 
potential source of human exposure. Reproductive failure in alligator populations in 
Florida has been linked to chlorinated hydrocarbon pesticide exposure [54-57], Such
55
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
56
chlorinated hydrocarbons are P450 inducers and are estrogenic molecules which may 
compete with steroid hormones in regulating reproductive cycles in alligators and other 
reptiles [54-57]. Furthermore, specific P450 isoforms are important regulators of 
temperature-dependent sex determination in various reptiles including alligators [28.
78],
The mixed function oxidase system is the primary pathway of oxidative 
metabolism of drugs and other xenobiotics, and is composed of a monooxygenase 
(cytochromes P450) and a reductase (cytochrome bs and cytochrome P450 reductases). 
P450 is involved in biosynthesis of endogenous compounds such as steroids and fatty 
acids and over 500 constitutively and non-constitutively expressed P450 isoforms exist.
Herein, we report on the temporal patterns of induction of P450 proteins in 
alligator. Two P450 isoforms often studied for their involvement in xenobiotic 
metabolism are the members of the CYP 1 and CYP 2 families. The mammalian CYP 
1A1 isoform is induced by PAH, e.g. 3-methylcholanthrene (3MC). among other 
xenobiotics. The CYP 2B isoforms are induced by various non-planar xenobiotics 
including phenobarbital (PB). In this study, 7-alkyl-substituted phenoxazones 
(resorufins) were chosen as substrates because of the preference of certain P450 
isoforms for specific substitutions [10, 11.137]. The induction time and corresponding 
activities expressed are important when considering the holistic effects of xenobiotic 
exposure in this reptile. Because of the slow metabolic rate of alligators [25. 26. 72.
73, 136], the time course of induction was studied over 72 h, which is considerably 
longer than the 16-24 h period that characterizes maximal induction of activity in 
mammals [23, 62, 105, 121, 127]. 3MC-pretreatment of alligators causes induction of 
a protein with an apparent molecular weight (MW) of 52 kDa, that was not detected in 
microsomes of untreated alligators. Similarly, pre-treatment with PB causes induction 
of 2 of 3 constitutive cytochromes P450, having apparent MW of 49. 51 and 53 kDa.
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We show that while the induction of alkoxyresorufin O-dealkylase (AROD) activities by 
3MC and PB is in many respects qualitatively similar to that observed in mammals, the 
induced catalytic activity is 10- or 30-times lower. The longer time-course of induction 
and the lower specific activities in drug metabolizing pathways in alligators as compared 
to mammals may be an important consideration in determining the amount and duration 
of antibiotic treatments in farm-raised reptiles. Moreover, the observed differences in 
induction and substrate specificity of alligator P450s as compared to mammalian P450s 
discussed herein are indicative of the phylogenetic differences in these enzymes.
3.2 Materials and M ethods
3.2.1 Animals
Juvenile alligators (~1 kg) obtained from Rockefeller wildlife refuge were 
induced with one of the following intraperitoneal injection regimes: Multiply injected 
animals had either 3-methylcholanthrene (3MC) in com oil, 45 mg/kg body weight on 
days 1,3,4; or phenobarbital (PB) in buffered saline, 20 mg/kg body weight on days I 
and 4 and 40 mg/kg body weight on days 2 and 3. All animals were sacrificed on the 
day following the last injection. Animals used in the induction time course were injected 
at time zero with either 45 mg/kg body weight of 3MC in com oil or 40 mg/kg body 
weight of PB in buffered saline and sacrificed at appropriate time intervals thereafter. 
Both untreated and vehicle-treated controls were used. Microsomes were prepared by 
differential centrifugation and solubilized as described by Jewell et al. [67. 68].
3.2.2 Specific Content
Specific content was determined at 25°C by differential spectroscopy of reduced 
microsomes compared with and without carbon monoxide in 50 mM KPi. 20% glycerol 
(pH 7.4) and quantified from the extinction coefficient of 91 mM'*cm'* [104], Spectra 
were taken from 490 to 390 nm. The A OD was determined by taking the difference of 
the absorbance at the peak and the isosbestic point at 490 nm. Protein concentration was
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determined by a modified fluorescamine assay using a Millipore cytofluor 2350 plate 
reader as described by Bohlen et al. [7] and modified by Lorenzen and Kennedy [80].
3.2.3 Enzymatic Assays
7-Ethoxy-, 7-methoxy-, 7-benzyloxy- and 7-pentoxyphenoxazone O- 
dealkylation (EROD, MROD, BROD, & PROD, respectively) assays were performed 
according to Burke, etal. [9-11] as adapted to the micro-plate system by Kennedy, et al. 
[70]. The reaction mixture contained microsomal protein in 50 mM Tris-HCl (pH 7.2). 
5 mM MgCl2,5 |iM substrate. Reactions were initiated with NADPH. incubated at
37°C and stopped after 15 min with 1.5 volumes of ice-cold methanol. The product was 
quantitated in a Millipore cytofluor 2350 microplate reader at 530 nm and 590 nm 
excitation and emission, respectively. Activity was expressed as product produced per 
min per mg microsomal protein (pmol/min/mg) or divided by the specific content and 
expressed as a turnover number (pmol/min/nanomole total P450). Degree of induction 
was the activity of the sample (pmol/min/mg) divided by the activity of the appropriate 
control and expressed as a percentage.
3.2.4 Statistical Analysis
Statistical analysis was performed by a two-sample t-test assuming unequal 
variances comparing treated animals to appropriate controls. Controls for a given assay 
were averaged for the purpose of statistical comparisons given untreated alligator 
controls and controls at 11 h gave identical results. Graphs indicate the degree of 
significance as; * = 0.01 < P <.0.05, ** = 0.001 < P < 0 .01 , *** = P<_0.001. 
Statistical calculations were done with Microsoft Excel 5.0 for the Macintosh utilizing 
the add-in analysis tool package for statistical and engineering analysis.
3.2.5 W estern Blot Analysis
SDS-PAGE and Western blots were done by standard techniques described by 
Laemmli [77] and Towbin et al. [131], respectively. The primary antibodies used to
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probe the blots were mouse-anti-sa/p CYP 1 A l, goat-anti-rabbit CYP 2B 1&2 (Oxford 
Biomedical) or rabbit-anti-sri/p P450B (putative CYP 2B antibody). The secondary 
antibody was the appropriate biotin conjugated anti-IgG. The blot was then treated with 
an alkaline phosphatase conjugated extra-avidin followed by staining with nitro-blue- 
tretrazolium and bromo-chloro-indol-phosphate in a 100 mM sodium carbonate buffer 
containing 1 mM MgCI2, pH 9.8.
3.3 Results
3.3.1 Induction o f Cytochromes P450 Specific Content
The induction time course of total P450 specific content in alligator liver 
microsomes by 3MC- or PB-pretreatment was determined by difference spectroscopy of 
dithionite-reduced, carbon monoxide liganded minus unliganded microsomes (Fig. 3.1). 
The data are presented as fold-induction above control levels over a period of 72 h 
following a single i.p. dose of 45 mg/kg 3MC or 40 mg/kg PB. The data from the time 
courses are compared with those obtained following a standard multiple injection 
protocol. At the 6 and 11 h time points the specific content of P450 was actually lower 
than the basal levels (fold-induction was significantly less than 1 in both 3MC- and PB- 
pretreated alligators, Fig. 3.1). The content of P450 returned to approximately basal 
levels by 24 h and then increased to a level of about 1.4-fold over basal by 72 h. In 
alligators that received the multiple injections of 3MC or PB the P450 levels were 
induced to a significantly greater level (~2.5-fold) than in animals given a single 
injection.
3.3.2 O-Dealkylation of Alkoxy Phenoxazones
Alligator liver microsomal O-dealkylation of substituted resorufins occurred with 
a pattern of substrate preference for 3MC- and PB-pretreated animals similar to those 
reported by Burke and Mayer [10]; EROD was markedly induced in 3MC-treated 
animals and PROD was induced in PB-treated animals. Over the PB-induction time












■  3MC 
□  PB
11 24 48 72 M.I.
Hours After Injection
Fig. 3.1: Fold-induction of cytochromes P450 specific content by PB and 3MC. The 
time-dependent changes in P450 specific content in alligator liver microsomes were 
determined from CO-bound, dithionite-reduced difference spectra and shown as fold- 
induction of P450 specific content of the treated groups over controls. The range of 
specific content was from 0.2 nmoles/mg at 6 h to 0.95 nmoles/mg after 5 days with 
multiple injections (M.I.). Animals at various time intervals are significantly different 
from the appropriate control as indicated; * = 0 .0 1 < P < 0 .0 5 ,
= 0.001 < P <0 .01 , *** = P < 0 .0 0 1 .**
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course studied, BROD and PROD did not increase substantially until about 48 h. at 
which point both activities markedly increased up to 72 h (Fig. 3.2A and B. 
respectively). As with the pattern of induction of P450 specific content. BROD and 
PROD were induced to a greater extent in alligators given multiple injections than in 
those given a single injection. Close scrutiny of Figures 3.2A and B reveals an 
attenuation of the specific activities of these O-dealkylases at 6 h post-injection, similar 
to that observed in P450 content. This trend was also seen in time-course of induction 
of EROD activity in PB-treated alligators (Fig. 3.2C), i.e., attenuated activity at 6 and 
24 h post-injection, with a small but significant induction observed in the singly-injected 
alligators at 72 h and in the multiply-injected alligators. The highest rate of O-dealkylase 
activity observed in untreated alligators was EROD (compare control activities. Figs. 
3.2A-D). Despite the greater induction of PROD compared to EROD (Table 3.1). the 
rates of induced PROD and EROD activity at 72 h post-PB-treatment were similar (Fig.
3.2 B and C) due to the lower basal EROD rates. While the trend in MROD activity 
along the time course (Fig. 3.2D) for PB-treated alligators was similar to the trend in 
EROD, the response was much lower and does not appear to be significantly induced 
over the control except in multiply-injected animals (2-fold).
Burke and Mayer [10] defined a discrimination factor to indicate the isoform 
preference for a specific alkoxyresorufin O-dealkylase activity. The discrimination 
factor (DF) is defined as the degree of induction by the agent giving the greater induction 
divided by the degree of induction by the agent giving the lesser induction. In alligator, 
BROD was the best discriminator of PB-induced isoforms both for multiply-injected 
animals (DF = 24) and along the time course (DF = 14.3) (Table 3.1). PROD activity 
appears to discriminate P450 induction by PB from induction of P450s by 3MC in the 
multiply-injected animals (DF = 10.6). However, this distinction between PB- and 
3MC-induction was not as great along the time course (DF = 4.7). The temporal
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Fig. 3.2a: Time course of induction of alkoxyresorufin O-dealkylase activity in 
alligator liver microsomes after 3MC- or PB-pretreatment. Alligators were measured at 
various time intervals after a single injection of either 3MC (45 mg/kg) or PB (40 
mg/kg). A standard multiple injection regime over 5 days is presented in the last column 
(M.I.). Note that the scale for MROD is 2-times larger than for the other O-dealkylase 
activities. Animals at various time intervals are significantly different from the 
appropriate control as indicated; * = 0.01 < P < 0.05, ** = 0.001 < P < 0 .01 .
*** = P < 0.001.
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Fig. 3.2b: Time course of induction of alkoxyresorufin O-dealkylase activity in 
alligator liver microsomes after 3MC- or PB-pretreatment. Alligators were measured at 
various time intervals after a  single injection of either 3MC (45 mg/kg) or PB (40 
mg/kg). A standard multiple injection regime over 5 days is presented in the last column 
(M.I.). Note that the scale for MROD is 2-times larger than for the other O-dealkylase 
activities. Animals at various time intervals are significantly different from the 
appropriate control as indicated; * = 0 .0 1 < P < 0 .0 5 , ** = 0.001 < P < 0 . 01.
*** = P < 0 .0 0 1 .
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Hours After Injection
Fig. 3.2c: Time course of induction of alkoxyresorufin O-dealkylase activity in 
alligator liver microsomes after 3MC- or PB-pretreatment. Alligators were measured at 
various time intervals after a single injection of either 3MC (45 mg/kg) or PB (40 
mg/kg). A standard multiple injection regime over 5 days is presented in the last column 
(M.I.). Note that the scale for MROD is 2-times larger than for the other O-dealkylase 
activities. Animals at various time intervals are significantly different from the 
appropriate control as indicated; * = 0.01 < P < 0.05, ** = 0.001 < P < 0 .01 .
*** = P < 0.001.
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Hours After Injection
Fig. 3.2d: Time course of induction of alkoxyresorufin O-dealkylase activity in 
alligator liver microsomes after 3MC- or PB-pretreatment. Alligators were measured at 
various time intervals after a single injection of either 3MC (45 mg/kg) or PB (40 
mg/kg). A standard multiple injection regime over 5 days is presented in the last column 
(M.I.). Note that the scale for MROD is 2-times larger than for the other O-dealkylase 
activities. Animals at various time intervals are significantly different from the 
appropriate control as indicated; * = 0.01 < P < 0.05, ** = 0.001 < P < 0 .0 1 .
* * *  _  p  < 0 .001.
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Table 3.1: Discrimination factors (DF) for alkoxyphenoxazone O-dealkylases of liver 
raicrosomes from PB- or 3MC-pretreated alligators.
A ctiv ity Degree of Induction* 




BROD 72 h 18.6 1.3 14.3
PROD 72 h 19.1 4.1 4.7
EROD 72 h 2.1 4.4 2.1
MROD 72 h 1.1 5.3 4.8
M U LTIPLE IN JECTION :
BROD 5-day 67.2 2.8 24
PROD 5-day 35.9 3.4 10.6
EROD 5-day 3.2 6.8 2.1
MROD 5-day 2.3 15.1 6.6
* Degree of induction is the activity of the sample (pmol/min/mg) divided by the 
activity of the appropriate control.
** Discrimination factor is the degree of induction by the agent giving the greater 
induction divided by the degree of induction by the agent giving the lesser induction 
[ 10].
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profiles of induction also differ. A lag phase was noted in the BROD induction time 
course although, once expressed, BROD increased more rapidly than PROD (compare 
activities at the 72 h time-point with those of multiply-injected animals). Similar to 
mammalian models, multiply-injected alligators exhibited greater induction than animals 
receiving only a single injection. The greatest specific activities and highest degrees of 
induction by PB-pretreatment were observed for BROD (67-fold) and PROD (36-fold) 
in multiply-injected animals (Table 3.1).
In 3MC-treated alligators a marked increase in the specific activities of EROD 
and MROD was observed over the 72 h time course (Fig. 3.2C and D). BROD was not 
significantly induced by 3MC-pretreatment over the time course, while degree of 
induction of PROD increased to about 4-fold at 72 h (Table 3.1). At 72 h after a single 
injection or in animals multiply-injected MROD had the highest discrimination factor 
(DF = 4.8 and 6.6 respectively) for 3MC-induction (Table 3.1). EROD. a classical 
biomarker of mammalian exposure to CYP 1A inducers did not discriminate as well (DF 
= 2.1) between PB and 3MC induction in alligator (see discussion). The greatest degree 
of induction by 3MC-pretreatment was in MROD of multiply-injected animals (15-fold).
3.3.3 W estern  Blots
Three antibodies were used to probe isoform specific protein induction over the 
time course. Mouse anti-scup CYP 1A antibody was used to probe the isoform-specific 
induction of protein by 3MC-pretreatment (Fig. 3.3). A protein band with an apparent 
MW of 52 kDa was induced by 3MC, increased during the time course, and plateaued at 
48 h. No proteins in the 52 kDa range were detected at zero time in control alligator 
liver microsomes (10 (ig/lane) by antibody to CYP 1A (Fig. 3.3). To probe the time 
course of induction by PB, anti-scup P450B (putative CYP 2B by sequence homology ) 
and anti-rabbit CYP 2B 1&2 antibodies were used (Fig. 3.4 a&b). Qualitatively, these 
antibodies yielded very similar induction profiles for the PB time course. However, the



















Rat Allig Ctrl 
5 day 5 day
72 48 24 11 6
H o u r A fte r  In je c t io n s
MW
STDs
Fig. 3.3 : Western blots of microsomes from the time course of alligators pretrealed with 3MC. Alligators and rats were treated 
with a single injection (45 mg/kg) and the blots performed on microsomes prepared at the indicated time intervals, or with 
microsomes prepared after 3 injections (45 mg/kg) over 4 days as described in Materials and Methods. 10 pg protein was loaded 
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Fig. 3.4a: Western blots of microsomes from the time course of alligators pretreated with PB. Alligators and rats were treated 
with a single injection (40 mg/kg) and the blots performed on microsomes prepared at the indicated time intervals, or with 
microsomes prepared after 4 injections over 5 days as described in Materials and Methods. 10 pg protein was loaded per lane. The 
blot in Fig. 3.4a was probed with goat-anti-rabbit CYP 2B1&2. The blot Fig. 3.4b was probed with rabbit-anti-scap P450B 
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Fig. 3.4b: Western blots of microsomes from the time course of alligators pretreated with PB. Alligators and rats were treated 
with a single injection (40 mg/kg) and the blots performed on microsomes prepared at the indicated time intervals, or with 
microsomes prepared after 4 injections over 5 days as described in Materials and Methods. 10 (Xg protein was loaded per lane. The 
blot in Fig. 3.4a was probed with goat-anti-rabbit CYP 2B1&2. The blot Fig. 3.4b was probed with rabbit-anti-scap P450B 
(putative CYP 2B) antibody.
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antibodies raised against rabbit CYP 2B 1&2 did not crossreact with the alligator proteins 
as well as the antibodies raised against the scup P450B (compare Fig. 3.4a with Fig. 
3.4b). These antibodies recognized induction of two prominent bands of approximately 
49 and 52 kDa. Both of these bands were present in the control animals, but their 
content increased over the time course to maximum levels at 48 to 72 h. Another band 
of MW between these was observed in the immuno-blots but the content of that band did 
not change over the time course studied. The profiles of induction of the expressed 
isoforms detected in the western blots paralleled the enzymatic O-dealkylation of the 
preferred substrates. For example, induction of protein recognized by anti-C YP 2B 
tracked predominantly PROD and BROD activities, and that recognized by anti-CYP 1A 
tracked mainly EROD and MROD activities.
3.4 Discussion
The central role of cytochromes P450 in xenobiotic metabolism is a cogent 
rationale for identifying their constitutive and inducible isoform profiles, the 
circumstances under which they are induced and the extent and duration of induction. 
This study addresses the extent and duration of induction of two major cytochromes 
P450 families by the benchmark inducers, PB and 3MC, in a class o f vertebrates 
(Reptilia) under-represented in studies of the fate and disposition of xenobiotics in the 
environment. The present research underscores the need to investigate directly 
organisms from different taxa as mammalian models alone are insufficient to predict the 
environmental consequences of pollutants in other groups of organisms [40]. The 
importance of studying alligator MFO is heightened because of its significance as an 
aquacultural commodity. Drugs used in aquaculture and pollutants discharged into the 
environment may be altered or accumulated by these animals, thereby potentially 
entering the human food chain. Furthermore, reproductive failure in alligator 
populations in Florida has been linked to chlorinated aromatic hydrocarbon exposure
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[54-57]. These chemicals are inducers of cytochromes P450 and many are endocrine 
disrupters. Alligator research may also be of heuristic value in protecting closely related 
endangered crocodilians.
Pretreatment with 3MC in mammals or fish induces non-constitutive CYP 1A 
isoforms with preference for metabolism of flat planar polycyclic aromatic 
hydrocarbons. Western blots indicate that 3MC-pretreatment of alligators induces 
proteins with epitope homology to known CYP 1A isoforms. Alligators pretreated with 
3MC have induced liver microsomal P450s which preferentially catalyze O-dealkylation 
of flat planar ethoxy- and methoxy-substituted phenoxazones rather than of the bulkier 
pentoxy- and benzyloxy-substituted derivatives. Similar to rats [67], the greatest 
enzymatic activity observed in control alligators is EROD. However, this EROD activity 
does not appear to be associated with CYP 1A as evidenced by the lack of detectable (< 
50 pg) CYP 1A expression in the western blots of control (uninduced) alligator liver 
microsomes. EROD activity is often used as a biomarker of PAH and planar 
halogenated aromatic hydrocarbon pollution in mammals as it can discriminate induction 
of CYP 1A in response to these contaminant classes. The relatively low ability of 
EROD to discriminate (DF =2.1) between PB- and 3MC-induction in alligators as 
compared to the rat (DF = 58; [10]) suggests that caution should be exercised when 
applying mammalian paradigms across classes or phyla. In alligator MROD activity 
appears to be a better indicator of PAH exposure and concomitant induction of CYP 1A 
isoforms (DF = 6.6; Table 3.1).
Data from CO-binding spectra, enzymatic activity and western blots are 
consistent with a time course of induction that plateaus at ~ 48 h, i.e. much later than in 
the rat, which plateaus at 16 to 24 h [23, 62,105, 121, 127]. When plotted in terms of 
activity units/per nmol of P450 the rates of alligator microsomal O-dealkylases appear to 
plateau earlier in the dme course than do the rates when expressed per mg protein or
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than the P450 content (nmol P450/mg protein), which continue to increase up to 48 h 
post-3MC-treatment (Fig. 3.1, 3.2C, 3.2D, 3.3). In light of the isoform preferences 
toward the alkyl-substituted substrates, these data suggest that the ratio of the various 
isoforms expressed relative to one another plateaus by 12 h post 3MC-treatment (Fig. 
3.5), while at least 48 h is required for maximal expression of the total P450 content. 
The slowr time course of induction in response to 3MC-treatment may reflect the low 
metabolic rates and physiological processes of the alligator.
The degree of AROD induction is significantly lower than in mammals. The 
final level of EROD induction after multiple 3MC injections is 7-fold in alligator as 
compared to 50- to 100-fold [10, 11, 38, 67] in rat. Compared to induction patterns 
observed in alligator the rat shows a higher degree of induction, a higher constitutive 
EROD activity (-23-fold) and a higher 3MC-induced activity (-130-fold). Low EROD 
rates in induced animals have been reported for other reptiles [40, 140]. This may reflect 
the lower specific content of P450 in the microsomes or an altered active-site as shown 
in the turtle Chrysemys picta picta , which has low EROD activity but relatively high 
levels of aryl hydrocarbon hydroxylase (AHH), another preferred activity of CYP IA 
[140]. We reported results of experiments in which a trout Oncorhynchus mykiss CYP 
1A1 cDNA probe was used to examine if P450 induction by 3MC in alligator was 
transcriptionally regulated [40]. Although these studies were inconclusive due to large 
standard deviations obtained from cross-hybridization of the probe with several 
isoforms, transcriptional regulation is probable in light of a cytosolic protein of - 120 
kDa recognized in alligator liver by an anti-mouse Ah-receptor antibody [40]. This 
receptor is normally associated with transcriptional regulation of the CYP 1A gene in 
mammals.
Our results are consistent with induction of CYP 1 A-type activities in other 
reptiles. The snake Thamnophis sp. exhibited maximal induction (~2-fold) of hepatic
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Fig. 3.5: Time course of induction of EROD activity in alligator liver microsomes 
after 3MC-Pretreatment. EROD activity was measured at the indicated time intervals 
after a single injection of 3MC (45 mg/kg). EROD activity after a standard multiple 
injection regime over 5 days is presented in the last column (M.I.) for comparison. 
EROD activity is shown as pmol/min/mg microsomal protein (hatched bars) or as 
pmol/min/nmol total P450 (solid bars). Animals at various time intervals are 
significandy different from the appropriate control as indicated;
* =  0 .0 1  < P < 0 .05 , ** =0.001 < P < 0 .0 1 , *** = p <  0.001.
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microsomal B[a]P hydroxylase activity on or before day four after pretreatment with 40 
mg/kg 3MC with induction still visible twelve days post pretreatment [120]. While rates 
of activity in the snake Thamnophis sp. are much lower than in mammals, a 
nonconstitutive, transcriptionally regulated P450 was indicated by the undetectable 
mRNA levels in controls and induced levels of mRNA 22 h post-treatment with 100 
mg/kg B-naphthoflavone detected with a rainbow trout CYP 1A cDNA probe [59]. In 
the same study the turtle Chrysomyces picta exhibited a similar trend in mRNA levels, 
which lacked statistical significance due to large standard deviations [59]. Induction of 
EROD and B[a]P hydroxylation by classic Ah-receptor agonists was observed in the 
turtle Chrysemys picta picta [140].
PB-pretreatment in mammals induces several isoforms in the CYP 2 family. 
These isoforms preferentially metabolize PROD and BROD. Similarly, alligators 
pretreated with PB displayed a significant induction of liver microsomal O-dealkylation 
of the non-planar substrates benzyloxy- and pentoxyphenoxazone. Western blots 
indicated that 3 proteins were recognized by CYP 2B antibodies and that 2 of those were 
induced by PB. Differences in the ability of BROD and PROD to discriminate PB- 
induced isoforms along with differences between BROD and PROD induction profiles 
(discussed earlier) are consistent with induction of multiple isoforms having different 
but overlapping substrate preferences. Induction of certain cytochromes P450 by PB is 
a general phenomenon in mammals and birds but is not so in fish and other lower 
vertebrates [40]. To the best of our knowledge, our results with alligator are the first to 
show significant induction of P450 activities typical of the mammalian CYP 2 family 
isoforms by PB in a reptile. To date the exact identity of the major PB-inducible P450 
isoform from alligator liver remains unresolved. The 50 amino acid N-terminal 
sequence for a purified PB-inducible alligator liver microsomal P450 clearly indicates 
that it is a member of the CYP 2 family but exhibits similar homology with several CYP
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2 subfamilies [40]. The full length cDNA sequence of this alligator CYP 2 family 
isoform is currently under investigation in our lab. The presence of PB-induction in 
alligators, in conjunction with recent reports of P450 induction by PB in turtle as 
detected by western blots [140], suggest that this type of P450 regulation evolved in 
ancestors of reptiles. Comparing the points in phytogeny where PB-induction occurs 
may help to elucidate the significance of this evolutionary pattern. While PB-induction 
of P450 is absent in most amphibians, fish and marine invertebrates tested to date, a few 
reports have indicated possible minor induction of CYP 2 family isoforms. The newt 
Pleurodeles xvaltl [86], the lizard Agama lizard [58] and the fish Carpus carpus [58] 
appear to display a minor temperature-dependent induction of P450s by PB or PB-type 
inducers. These reports combined with the absence of PB-induction in the snake. 
Thamnophis sp [120] emphasize the importance of not generalizing about PB-type 
induction in lower vertebrates. Molecular biological approaches to the study of these 
and other lower vertebrates will be required to accurately resolve the origins of 
cytochromes P450 regulation by phenobarbital and related phenobarbital-like inducers.
In alligator, BROD activity appears to be the better indicator of PB-induced CYP 
2 family isoforms (DF = 24; Table 3.1) with PROD performing adequately in multiply- 
injected animals (DF -  11). The preference of PB- and 3MC-induced alligator liver 
microsomes for BROD and MROD, respectively, while different than rat, is consistent 
with the previous studies in avians (quail) that found similar alterations in the AROD 
substrate preference in xenobiotic-induced liver microsomes [111]. CO-binding 
spectra, western blots and enzymatic O-dealkylation activities indicate that induction of 
the total P450 content of alligator liver microsomes by PB, as discussed above for 3MC. 
plateaus much later than does the ratio of the various P450 isoforms (Fig. 3.6). The 
response to PB-pretreatment in alligator was not only slow but the corresponding 
enzyme activities were lower than in mammals. The final level of PROD-induction after
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Fig. 3.6 : Time course of induction of PROD activity in alligator liver microsomes 
after PB-pretreatment. PROD activity was measured at the indicated time intervals after 
a single injection of PB (40 mg/kg). PROD activity after a standard multiple injection 
regime over 5 days is presented in the last column (M.I.)- PROD activity is shown as 
pmol/min/mg microsomal protein (hatched bars) or as pmol/min/nmol total P450 (solid 
bars). Animals at various time intervals are significantly different from the appropriate 
control as indicated; * = 0.01 < P < 0.05, ** = 0.001 < P < 0 .01 ,
*** = p < 0.001.
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multiple PB injections in alligator was 36-fold as compared to 121-fold induction in 
similarly treated rats [10,38, 137]. As compared to alligators, mammals exhibit a 
higher degree of induction of total P450 content and higher basal and induced levels of 
P450 activity. The PROD activity of control rat liver microsomes is 10-fold higher and 
the PB-induced activity is 64-fold higher than alligator [38,67, 137]. Similar to the 
CYP 1A northern blot analysis, experiments with human CYP 2B and 2E cDNAs to 
probe the PB induction time course yielded large standard deviation due to cross- 
hybridization of the probe with several isoforms [40].
The CO bindings assays and western blots corroborate the induction profiles 
indicated by the enzymatic assays for both 3MC- and PB-pretreatment. The reason for 
the initial decrease observed in the induction profiles is not presently understood. The 
maximal induction time of 48-72 h and the low activity levels with either 3MC or PB is 
consistent with the slow metabolic rate of alligators compared to mammals [25.26].
The fact that induction times in the alligator are significantly longer than in mammals, 
combined with the relatively low activities catalyzed by alligator, should impact our view 
of how drug dosages are defined in the aquaculture of this and other reptiles. Results of 
the present study, in conjunction with recent studies showing low EROD but relatively 
high AHH activity [140], both preferred activities of CYP 1A in mammals, underscore 
the need to evaluate the effects of chemicals in the organism of interest and to avoid 
extrapolation of paradigms across taxa. The slower rate of induction and the lower 
overall activities and content of P450 in alligator may require significantly lower 
therapeutic doses of drugs which are metabolized by these routes for this and other 
reptiles. It also suggests that certain classes of pollutants discharged into its 
environment would take longer to be metabolized, and short term exposures may not 
give as large a response as observed in the mammalian system.
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The findings reported herein should enhance understanding of the effects of 
pollution on A. mississippiensis and other endangered crocodilians. The reptilian class 
of vertebrates is currently under-represented with respect to data on the P450 system. 
The observed differences in induction and substrate specificity of alligator P450 as 
compared to that of mammals are indicative of the underlying phylogenetic differences in 
P450 metabolism. Finally, our results in conjunction with those of other studies of 
cytochromes P450 in submammalian vertebrate and invertebrate systems represent 
important steps toward elucidating the evolutionary patterns of the MFO system. MFO 
studies of reptiles will fill gaps in our current understanding of phylogeny of 
cytochromes P450 between fish and mammals. While this smdy indicates that alligator 
has a slower rate of induction by 3MC- and PB-pretreatment along with altered DF as 
compared to rat, it remains to be established whether the induced isoforms. and 
associated activities, are homologues/orthologues of mammalian CYP 1A and CYP 2 
family isoforms, respectively. Determination of the position and identity of these 
isoforms in the overall evolution of the P450 super-gene family and the mechanism of 
induction will have to await further sequence analysis of this protein and its DNA 
promoter regions.
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CHAPTER 4 IMMUNOCHEMICAL ANALYSES OF INDUCED LIVER 
MICROSOMAL CYTOCHROMES P450 IN ALLIGATORS AND RATS 
BY FIVE XENOBIOTIC-PRETREATMENTS
4.1 Introduction
The mixed function oxidase system (MFO) is the primary pathway responsible 
for the metabolism of foreign compounds (xenobiotics) e.g. drugs and pollutants, along 
with the biosynthesis of endogenous compounds, such as steroids and fatty acids. The 
MFO system is composed o f a monooxygenase (cytochromes P450) and a reductase 
(cytochrome b5 and cytochrome P450 reductases). Eucaryotic P450s are monomeric 
proteins (-50 kDa) found in the smooth endoplasmic reticulum and on the lumenal face 
of mitochondria. Over 500 constitutively and non-constitutively expressed P450 
isoforms with broad, over-lapping substrate specificity have been described. Selective 
induction of certain isoforms of P450 by xenobiotic exposure has prompted interest in 
P450 induction as biomarkers of environmental contamination [32.40. 59].
The mammalian CYP 1A1 isoform is induced by Ah-receptor agonists such as 
polycyclic aromatic hydrocarbons (PAH), e.g. 3-methylcholanthrene (3MC). In 
alligators 3MC-pretreatment causes induction of a non-constitutive protein with an 
apparent molecular weight o f 52 kDa [37-40, 67, 68, 72. 73. 136]. The CYP 2B 
isoforms are induced by various non-planar xenobiotics including phenobarbital (PB). 
Pre-treatment of alligator with PB causes induction in two of three CYP 2 family 
constitutive cytochromes P450, having apparent molecular weights of 49. 51 and 53 
kDa [37-40]. Western blot analysis is widely used to determine the presence and 
induction of specific P450 isoforms. There are caveats in the use of this technique in 
reptiles as most of the available P450-antibodies are raised against mammalian, avian or 
fish isoforms. Problems arise when antibodies are used to probe P450s across 
phylogenetic classes. In such cases antibodies may lose specificity allowing cross­
reaction with other isoforms or proteins. The present studies were undertaken not only
80
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to determine the extent of P450 isoform expression in alligator but also to address 
problems associated with the use of antibodies across different classes of vertebrates. A 
suite of antibodies were used to probe the effects of different induction regimes in 
alligator. The results of these studies were compared with those from studies of rats 
treated in an identical manner. A purified PB-induced alligator isoform was used to 
determine the extent of cross-reactivity with antibodies across P450 subfamilies.
The lack of reptilian antibodies stems from the fact that to date only two P450s in 
reptiles have been purified or partially sequenced from which the construction of 
antibodies can be pursued [40]. One is a PB-inducible P450 from alligator reported here 
and the other is a 100 amino acid sequence at the carboxy-terminus of ovarian P450- 
aromatase in the turtle Malaclemys terrapin [69]. Greater interest is now being 
expressed in P450s from different taxa as the mammalian model alone is insufficient to 
predict the fate and disposition of xenobiotic exposure. Understanding how alligators in 
particular metabolize pollutants and other xenobiotics from farm run-off and chemical 
industry discharge into its environment [67,68] is of concern as exposure not only 
threatens this organism, but as a food commodity it is a potential source of human 
exposure. The American alligator (Alligator mississippiensis) has become the most 
economically important cultured reptilian species in Louisiana for both its meat and hide 
since its removal from the endangered species list. Based on Louisiana commodity 
prices [81] the annual gross farm value nationally is about 24 million dollars.
Certain xenobiotics known to have estrogenic effects were recendy implicated in 
abnormal gonadal development and recruitment failure in alligators from areas with high 
levels of DDT and other pollutants [54-57]. Studies of cytochromes P450 in alligator 
are also important in light of drugs used in alligator aquaculture that are potentially 
metabolized by these pathways. The US Food and Drug Administration has called for 
the investigation and development of minor animal use drugs and alteration of their
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guidelines to encourage application for drug approval in these minor agricultural species 
[41-44, 87, 88, 116]. The absence of currently approved drugs stems from a lack of 
knowledge of drug metabolism in these organisms. Diseases associated with the 
aquaculture of alligators and the effects of some classic major use drugs are starting to 
be investigated [8, 19,20, 100, 110]. Research to date underscores the inherent 
problems of attempting to extrapolate the effects and consequences of drugs approved in 
major agricultural species to certain minor species, which have markedly different 
xenobiotic metabolism.
To date the vast majority of P450 research has been done on mammals and to a 
lesser extent on aves and fish. Investigations of the reptilian system therefore also help 
to fill the gap in our understanding of the evolution of P450 between aves and fish [40]. 
Aves and crocodilia are both classified by some as archosauria [124]; the activities and 
inducibilities of cytochromes P450 from these vertebrate classes could give clues to the 
relatedness of these processes in archosauria and common ancestors. The exact 
evolutionary relatedness and whether certain induction patterns stem from an 
orthologous isoform will have to await molecular evidence.
4.2 Materials and Methods
4.2.1 Animals
Juvenile alligators (120-160 g) obtained from Rockefeller wildlife refuge were 
induced with one of the following intraperitoneal injection regimes: 3- 
Methylcholanthrene (3MC) in com oil, 45 mg/kg body weight on days 1,3,4; 
Phenobarbital (PB) in buffered saline, 20 mg/kg body weight days 1&4 and 40 mg/kg 
body weight days 2&3; Clofibrate (CLO) in H2O, 80 mg/kg body weight on days 1
through 4; Aroclor 1254 (ARO) in com oil, 500 mg/kg body weight on day 1 only:
2,2',4,4' tetrachlorobiphenyl (TCB) in com oil, 45 mg/kg body weight on day 1.3 and 
4; or a PB-(20 mg/kg) 3MC (45 mg/kg) mixture in com oil on days 1,2,3. & 4 of
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exposure. All animals were sacrificed on the day following the last injection (day 5). 
Both untreated and vehicle-treated controls were used. Microsomes were prepared by 
differential centrifugation and solubilized as described by Jewell et al. [67].
4.2.2 Purification o f PB-Induced P450
Purification of a PB-inducible isoform in alligator liver microsomes was 
accomplished by N-Octylamine Sepharose (NOAS) chromatography and hydroxyl 
apatite high pressure liquid chromatography (HAP-HPLC). For NO AS 
chromatography a 2.5 X 42.4 cm column was packed with NO AS using a load buffer 
containing 100 mM potassium phosphate (KPi) buffer, 1 mM EDTA. 20% glycerol. 
0.3% cholate, 1 mM dithiothreitol (DTT), pH 7.25. The column was loaded with 514 
mis of a 1.5 mg/ml preparation of solubilized PB-induced microsomes at a flow rate of 
64 ml/hr. The column was washed with 730 ml of load buffer. P450 was eluted with a 
two step gradient consisting of 50 ml of 0.2% Emulgen 911 (E-911) in load buffer 
followed by 900 mis of 1% E-911 in load buffer. The eluant was collected in 10 ml 
fractions and subsequently measured at 417 nm for heme content and 295 nm for 
general protein content (the classic OD 280 could not be used due to surfactant 
interference). Fractions containing heme were measure for P450 content using the CO 
binding assay described by Jewell et al. [67] and protein concentrations were determined 
by a modified fluorescamine assay using a Millipore 2350 Cytofluor plate reader as 
described by Bohlen et al. [7] and modified by Lorenzen and Kennedy [80]. Gradient 
fractions having an OD 417 greater than 0.3 A were pooled. The detergent was 
removed with Amberlite XAD beads, and 220 nmol of P450 was concentrated in an 
Amicon ultrafiltration cell under nitrogen with a YM30 membrane to a final volume of
12.5 ml. For HAP-HPLC a Milton Roy Constametric HPLC equipped with a 100 mm 
x 4.6 mm, 5 jim Alltech HAP column was used with a flow rate of 0.5 ml/min. The 
HAP-load buffer contained 20 mM KPi, 1 mM DTT, 0.1 mM EDTA, 0.2% E-911 and
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20% glycerol at pH 7.5. After removal of contaminating surfactant with Amberlite XAD 
beads, addition of 0.2% E-911 and dialysis against HAP-load buffer. 0.5 mis of NOAS 
post column material containing 8.8 nmoles P450 with 4.2 mg protein was loaded onto 
the HPLC. P450 was eluted with a stepped gradient by increasing KPi in increments of 
20,50, 250, and 400 mM. Fractions were collected in a peak-sensing manner using an 
HPLC-detector equipped with a 410 nm filter and a slope detector set to detect peaks 
with a slope greater than 40 degrees.
4.2.3 W estern Blot Analysis
SDS-PAGE and Western blots were done in a BioRad mini protean II system 
using the standard techniques described by Laemmli [77] and Towbin et al. [131]. 
respectively. The primary antibodies used to probe the blots were mouse-anti-sa/p CYP 
1A1, goat-anti-rabbit CYP 1A1&2 (Oxford Biomedical), goat-anti-rabbit CYP 2B 1&2 
(Oxford Biomedical), rabbit-anti-scup P450B (putative CYP 2B), rabbit-anti-rat CYP 
2E1, rabbit-anti-trout CYP 2K, rabbit-anti-rat CYP 2C, rabbit-anti-rat CYP 2C11. 
rabbit-anti-trout LMC5 (putative CYP 3A), or sheep-anti-rabbit CYP 4A1. The 
secondary antibody was the appropriate biotin conjugated anti IgG. The blot was then 
treated with an alkaline phosphatase conjugated extra-avidin followed by staining with 
nitro-blue-tretrazolium and bromo-chloro-indol-phosphate in a 100 mM carbonate buffer 
containing 1 mM MgCl2 pH 9.8.
4.3 Results
4.3.1 SDS-PAGE
Figure 4.1 shows a coomassie R-250-stained gel which illustrates the typical 
induction of rat liver microsomal protein in the 50 kDa range expected from PB-, 3MC-, 
ARO-, TCB- or CLO-pretreatment. The gel also shows that proteins in the same MW 
range were induced in liver microsomes of alligators similarly treated with PB. 3MC or 
a mixture of PB-3MC. Alligators pretreated with ARO, TCB or CLO showed little
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Fig. 4.1 : SDS-PAGE of alligator and rat liver microsomes for control (Ctrl) and xenobiotic-treated animals. Xenobiotic 
treatments are 3-methylcholanthrene (3MC), phenobarbital (PB), clofibrate (CLO), aroclor 1254 (ARO) and 2,2',4,4' 
tetrachlorobiphenyl (TCB). Gel was loaded with 6 \ig protein / lane and stained with coomasie R-250.
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alteration in coomassie-stained protein as compared to controls (Fig. 4.1). Reptiles in 
general and alligator in particular have total P450 specific content that are lower than rats 
in both control and induced animals [37-40, 67,68]. This general trend is reflected in 
the comparison of nonisoform-specific abundance observed between rat and alligator in 
figure 4.1 as well as in the western blots probed for specific isoforms (Fig. 4.2-4.10).
4.3.2 W estern  Blots
Ten antibodies were used to probe the presence and induction of cytochromes 
P450 in four different CYP families. Each of the Western blots presented was probed 
with a single primary antibody and compares the effect of the different xenobiotic 
treatments on alligator or rat with their corresponding untreated controls. The specific 
conditions for each gel are given in the appropriate figure legends. The pattern of 
induction of the putative isoforms are also compared between blots probed with 
antibodies to isoforms of a given CYP family as antibodies to specific isoforms cross­
reacted in alligator within a CYP family but did not exhibit cross-reactivity between 
CYP families. This point is emphasized below by the immunochemical cross­
reactivity of the different antibodies to a purified PB-inducible P450 isoform from 
alligator liver.
4.3.2.1 CYP 1A
The presence and induction of liver microsomal CYP 1A in alligators was 
probed with a polyclonal goat-anti-rabbit CYP 1A1&2 (Oxford Biomedical) and 
monoclonal mouse-anti-scw/? CYP 1A1. The data are shown in relation to parallel 
studies of the rat. The CYP 1A isoforms are non-constitutive and are induced in 
mammals by various Ah-receptor agonists including 3MC and the PCB mixture.
Aroclor 1254 (ARO). The polyclonal CYP 1A1&2 antibody recognizes induction of 
two protein bands in 1.5 (ig/lane of rat liver microsomes from both 3MC- and ARO- 
pretreated animals (Fig. 4.2). Alligator microsomes also show an induction of two
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Fig. 4.2: Western blot of alligator and rat liver microsomes for control and xenobiotic-treated animals probed with goat-anti-rabbit
CYP 1A1&2 antibody (Oxford Biomedical). Lanes were loaded with 1.5 |ig of microsomal protein. Animal treatment types are as
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Fig. 4.3: Western blot of alligator and rat liver microsomes for control and xenobiotic-treated animals probed with mouse-anti-
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Fig. 4.4: Western blot of alligator and rat liver microsomes for control and xenobiotic-treated animals probed with goat-anti-rabbit
CYP 2B1&2 antibody (Oxford Biomedical). Lanes were loaded with 1.5 |0.g of microsomal protein. Animal treatment types are as
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Fig. 4.5: Western blot of alligator and rat liver microsomes for control and xenobiotic-treated animals probed with rabbit-anti-
scup P450B (putative CYP 2B) antibody. Lanes were loaded with 1.5 |ig of microsomal protein. Animal treatment types are as
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Fig. 4.6 : Western blot of alligator and rat liver microsomes for control and xenobiotic-treated animals probed with rabbit-anti-rat
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Fig. 4.7 : Western blot of alligator and rat liver microsomes for control and xenobiotic-treated animals probed with rabbit-anti-rat
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Fig. 4.8: Western blot o f alligator and rat liver microsomes for control and xenobiotic-treated animals probed with rabbit-anti-
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Fig. 4.9: Western blot of alligator and rat liver microsomes for control and xenobiotic-treated animals probed with rabbit-anti-
trout LMC5 (putative CYP 3A) antibody. Lanes were loaded with 1.5 p.g of microsomal protein. Animal treatment types are as
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Fig. 4.10: Western blot of alligator and rat liver microsomes for control and xenobiotic treated animals probed with sheep-anti-




proteins with epitope homology to CYP 1A1&2 by 3MC or the 3MC-PB mixture. In 
contrast to the rat, induction of protein with epitope homology to CYP 1 A1&2 was not 
evident in the blots of microsomes from alligators that had been treated with ARO.
The polyclonal antibody used to generate the blot in figure 4.2 strongly recognizes the 
induced CYP 1 A1&2 isoforms and shows faint recognition of other bands. 
Identification of a CYP 1A isoform is more evident with the monoclonal mouse-anti- 
scup CYP 1A1 antibody (Fig. 4.3). This antibody reveals essentially the same pattern 
of induction of CYP 1A1 observed with the polyclonal antibody, while the 
confounding background is markedly reduced. The western blots of both alligator and 
rat microsomes appear consistent with the assignment of CYP 1A as non-constitutive 
isoforms, i.e., protein bands recognized by CYP 1A antibodies are present and 
induced by 3MC treatment but are not recognized in controls (Fig. 4.3). The alligator 
therefore, is similar to rat by expressing at least two non-constitutive proteins with 
epitope homology to CYP 1A isoforms that are inducible by 3MC exposure. The 
failure to observe induction of CYP 1 A-like protein in microsomes of ARO-treated 
alligators, whereas this treatment induces both CYP 1A and 2B family isoforms in 
rats, suggests different mechanisms of induction and/or regulation of P450 in these 
animals.
4.3.2.2 CYP 2
The CYP 2 subfamilies probed in alligator and rat liver microsomes were CYP 
2B, CYP 2C, CYP 2E and CYP 2K. P450 isoforms in the CYP 2 family are 
constitutively expressed in mammals and are induced by PB, TCB and ARO. Figures
4.4-4.8 are western blots of gels loaded with identical amounts of alligator and rat 
liver microsomes (1.5 jig/lane); the blots were probed with goat-anti-rabbit CYP 
2B1&2 (Oxford Biomedical), rabbit-anti-sa/p P450B (putative CYP 2B), rabbit-anti- 
rat CYP 2C, rabbit-anti-rat CYP 2E1 and rabbit-anti-trout CYP 2K primary
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antibodies. In rat, the pattern of induction caused by the various pretreatments is 
different for each antibody, with the exception of some similarities between CYP 2B 
and the trout CYP 2K (Figs. 4.4, 4.5 & 4.8). By contrast the banding patterns 
obtained for alligator microsomes had marked similarities with all CYP 2 antibodies 
(Fig. 4.4-4.8). These similarities raised concerns that the specificity of antibodies 
raised against mammalian and fish isoforms, when used to probe for P450 across 
phylogenetic classes, not only would recognize the target protein but also recognize 
other P450s within the same gene family. These concerns are addressed below by 
western blot analysis of purified PB-inducible alligator liver microsomal P450 probed 
with these same P450 antibodies (Fig. 4.11 & 4.12). While indicating similarities, 
figures 4.4-4.8 also reveal apparent differences in the induction of isoforms in 
alligators probed with CYP 2 family antibodies, ex. ARO-, CLO- and TCB- 
pretreatments of proteins recognized by CYP 2B and CYP 2K antibodies (Figs. 4.4.
4.5 & 4.8). The CYP 2B antibodies detected little difference in banding patterns 
generated by these three treatments, and in no case was induction observed. In 
contrast, CYP 2K antibody indicates induction of the second band in microsomes 
from ARO- and TCB-treated alligators, while those from CLO-treated alligators 
indicate a possible down regulation of CYP 2K antibody-reactive protein. When 
probed with antibodies against CYP 2E, the lower bands in the blot of PB-. 3MC- or 
the PB-3MC mixture- pretreated alligator microsomes appear to be induced and 
prominently recognized (Fig. 4.7). With the other CYP 2 family antibodies the upper 
and lower bands are recognized with equal intensity. Aside from overlapping 
specificity, the different MWs of some of the bands also indicate that the antibodies are 
recognizing different proteins. Figures 4.4 and 4.5 show blots probed with antibodies 
raised against rabbit CYP 2B 1&2 and scup P450B (a putative CYP 2B by N-terminal 
sequence homology), respectively. In figure 4.5 the PB-induced bands appear closer
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Fig. 4.11: Western blot of a purified PB-inducible alligator liver microsomal P450 probed with rabbit-anti-scup P450B (putative
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Fig. 4.12: Western blot of a purified PB-inducible alligator liver microsomal P450 probed with CYP 2 family antibodies. Gels
were loaded with 0.5 pg of purified protein. Lanes are as designated by the antibody they were probed with; rabbit-anti-rat CYP 2C
antibody, rabbit-anti-trout CYP 2K (LMC2), rabbit-anti-rat CYP 2E1, rabbit-anti-trout LMC5 (putative CYP 3A).
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together with the uninduced isoform having the highest MW, whereas in figure 4.4 the 
PB-induced bands are farther apart with the uninduced appearing between the induced 
bands.
The greatest induction of alligator protein with epitope homology to the CYP 2 
family isoforms was observed with PB-treatment, regardless of the antibody 
employed (Figs. 4.4-4.8). The antibodies to CYP 2B, CYP 2C, CYP 2E and CYP 
2K all show induction of multiple isoforms associated with PB-, 3MC-, PB-3MC- 
pretreatment. An exception was the anti-scup P450B, which recognizes only a single 
band induced by 3MC-pretreatment. The mammalian and fish antibodies react 
strongly with the alligator proteins except for the goat-anti-rabbit CYP 2B 1&2 (Oxford 
Biomedical). To compensate, blots which used the goat-anti-rabbit CYP 2B 1&2 
(Oxford Biomedical) were stained for a longer period of time. Faint bands are present 
in all of the blots of control alligator microsomes probed with CYP 2 family antibodies 
indicating the presence of constitutively expressed isoforms of these multiple CYP 2 
subfamilies. An indication that not all CYP 2 isoforms are constitutively expressed in 
alligator liver is indicated by the mono-specific rabbit-anti-rat CYP 2C11 [3.4] which 
recognizes a single protein only upon induction by PB-pretreatment (Fig. 4.13). This 
is in contrast to the polyspecific rabbit-anti-rat CYP 2C11 antibody (Fig. 4.6) which 
does recognize the presence of bands in the control, and induction in treated alligators. 
These CYP 2C antibodies have been well characterized in mammals [3,4, 24, 114, 
130]. The inability of the mono-specific anti CYP 2C11 to detect the corresponding 
antigen has been noted in untreated polar bears and birds [4]. P450 appeared not to be 
induced in alligator liver by CLO-treatment when probed with any of the 2 family 
antibodies. When probed with the CYP 2K antibody slight induction of protein was 
noted in microsomes of ARO- and TCB-treated alligators (Fig. 4.8); no such 
induction by these treatments was observed when probed with the remaining CYP 2






























Fig. 4.13: Western blot of alligator and rat liver microsomes for control and xenobiotic treated animals probed with rabbit-anti-rat
CYP 2C11 antibody. Lanes were loaded with 1.5 Jig of microsomal protein. Animal treatment types are as designated in Fig. 4.1.
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antibodies (Figs. 4.4-4.7). In contrast to the alligator, the rat exhibits a major 
induction of CYP 2 family isoforms when pretreated with ARO, TCB or CLO (Fig.
4.4-4.8). CYP 2 family isoforms are not induced in the rat by 3MC-pretreatment. 
which does cause slight to quite significant induction of alligator microsomal protein 
that is immunoreactive with each of the CYP 2 antibodies. This suggests significant 
differences in regulation of these isoforms between alligator and rat.
4.3.2.3 Co-induction of CYP 1A & CYP 2
The overall induction of protein in alligator liver microsomes by co-treatment 
with PB and 3MC (methods) as determined in the Coomassie-stained SDS-PAGE was 
intermediate to that obtained when each treatment was applied separately (Fig. 4.1). As 
expected, blots probed with antibodies to CYP 1A indicated induction of isoforms by 
the co-treatment similar to that by only 3MC-treatment (Figs. 4.2 and 4.3). However, 
blots probed with CYP 2 family antibodies show a different pattern of induction after 
co-treatment than by PB-pretreatment alone (Fig. 4.4-4.8). While induction was 
observed with CYP 2 antibodies it more closely resembled the pattern observed with 
3MC-pretreatment. With antibodies to CYP 3 A and CYP 4A single bands of equal 
intensity are noted in all three lanes (Figs. 4.9 and 4.10). Closer scrutiny shows these 
bands to be slightly different in molecular weight: the PB-inducible isoform appears 
slightly lower than those induced by 3MC or the PB-3MC combination. A western blot 
probed with anti-scup P450B (putative CYP 2B) antibody is shown in figure 4.5.
Here, the top and bottom bands of the triplet are seen in microsomes from the co-treated 
alligator and appear to be of equivalent intensity as those from the 3MC-treated. The 
middle band, which is strongly induced by PB treatment alone, is only faintly visible 
and appears to be of slightly higher molecular weight in the co-treated animal. It was 
this middle band of the PB-treated alligator (-52 kDa) that we have purified (see below).
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Overall, the PB-3MC-co-treatment resulted in western blot banding patterns that are 
more consistent with 3MC-pretreatment alone (Figs. 4.2-4.10).
4.3.2.4 CYP 3A & CYP 4A
Western blots of hepatic microsomes were probed with a rabbit-anti-trout 
LMC5 antibody (a putative CYP 3A antibody). This antibody recognized a single 
protein band in alligator microsomes which was strongly induced by PB, 3MC or the 
PB-3MC combination (Fig. 4.9). Faint bands were also recognized by this antibody 
in ARO-, TCB- and CLO-pretreated animals, which did not appear to be induced over 
controls. Furthermore, this antibody did not cross-react strongly with proteins in rat 
liver microsomes. Only faint bands, similar to alligator controls, were detected, which 
is not surprising considering the phylogenetic distance between trout (source of 
antibody) and rat. CYP 4A is a constitutive P450 isoform in rat and is inducible by 
the peroxisome proliferator CLO [48]. Western blots of rat liver microsomal protein 
(1.5 (ig/lane) clearly reveal induction of rat P450 by CLO when probed with antibody 
to rabbit CYP 4A1 (Fig. 4.10). In contrast, only faint recognition and no induction of 
P450 by any of the pretreatments was detected in alligator liver microsomes when 
probed with this antibody. Alligator liver microsomes probed with antibody to rabbit 
CYP 4A1 consistently exhibited a lower MW on western blots in animals treated with 
PB, 3MC or the PB-3MC combination as compared to the control. The banding 
patterns observed for both the CYP 3 A and CYP 4A are significantly different from 
those observed with the other P450 antibodies used, indicating that these antibodies 
probably do not cross-react with the other isoforms.
4.3.2.5 Purified CYP 2
A PB-inducible cytochrome P450 from alligator liver microsomes was purified 
to near single band homogeneity by the use of NOAS and HAP-HPLC (see methods). 
While SDS-PAGE of the purified alligator P450 indicates the presence of only a single
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band, minor bands were observed in western blots of the same protein with certain 
antibodies, presumably because of the higher sensitivity of immunochemical detection 
(Fig. 4.11 and 4.12). N-terminal sequence analysis was performed on this protein of 
about 52 kDa and resolved for 50 amino acid residues which had high homology to 
isoforms of the CYP 2 family [40]. Because of the lack of available reptilian antibodies, 
the present studies are relegated to using antibodies raised to mammalian and fish P450 
isoforms. These antibodies raised against specific P450 isoforms (scup P450B (putative 
CYP 2B), rat CYP 2E1, trout CYP 2K, rat CYP 2C) all cross-react with the purified 
P450 from alligator in a concentration dependent manner (Fig. 4.11 and 4.12). The 
cross-reactivity with other isoforms appears to be limited to within a given P450 family 
as antibodies outside the CYP 2 family do not crossreact with the purified protein. For 
example, anti-scup CYP 1A1 antibody did not cross-react at all with the purified protein 
(not shown). Very faint recognition was detected with anti-trout LMC5 (CYP 3A) 
antibody of a thinner band of a slightly lower molecular weight (Fig. 4.12). which we 
attribute to a minor contaminant P450 isoform. These studies indicate that when P450 
antibodies are used across phylogenetic classes a certain degree of the specificity 
exhibited in the original organism is lost but the broader specificity appears to be limited 
to within a given P450 family. While caution should be used when interpreting western 
blots developed with antibodies from across phylogenetic classes, useful information 
can be obtained.
4.4 D iscussion
We have characterized the immunoreactive properties of several antibodies raised 
to various families and subfamilies of cytochromes P450 from mammals and fish with 
respect to liver microsomal proteins of alligators that were pretreated with classical 
inducers of the MFO system. This characterization included comparison with the 
corresponding rat counterparts and studies of antibody recognition of a PB-inducible
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P450 purified from alligator liver. The types of isoforms induced by various xenobiotic 
challenges and the degree of induction has been well characterized in mammals, to a 
lesser extent in fish and aves and minimally in reptiles. Studies of submammalian 
vertebrates, including reptiles, underscore the problems with extrapolating the response 
to xenobiotic challenges from mammalian models [40] and the need to investigate 
organisms from different taxa to fully understand the fate and disposition of xenobiotic 
chemicals throughout the environment.
Despite limited knowledge of reptilian MFO, it is known that they exhibit several 
uniquenesses in the types and activities of P450 present, their relative abundance and 
regulation [37-40, 67, 68, 72, 73, 136]. The importance of understanding these unique 
features of alligator MFO gains credence in light of farm run-off and chemical industry 
discharge into its natural environment. What cytochromes P450 are present during a 
xenobiotic challenge and what induces them will help indicate whether the compound 
will be altered or bioaccumulated in these animals thereby potentially entering the human 
food chain. The breadth o f induced P450 isoforms in response to drugs used in 
alligator aquaculture along with those constitutively present may potentially impact 
treatment modalities or drug design. Alligator research may also be o f heuristic value in 
protecting closely related endangered crocodilians.
Pretreatment of mammals with 3MC induces non-constitutive CYP 1A isoforms 
with preference for metabolism of flat planar polycyclic aromatic hydrocarbons [67.68]. 
The presence and induction of multiple, non-constitutive rat liver microsomal CYP 1A 
isoforms by 3MC and ARO is shown in western blots probed with two different 
antibodies (Figs. 4.2 and 4.3). These blots indicate that alligator liver contains 3MC- 
inducible P450 isoforms with epitope homology to the CYP 1A isoforms, which appear 
to be non-constitutive. Interestingly, these CYP lA-like isoforms are not induced in 
alligator by ARO, indicating a difference in regulation as compared to rat. With both
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antibodies (mouse-anti-scup CYP 1 A l, goat-anti-rabbit CYP 1 A1&2). the width and 
intensities of the bands in alligator microsomes were less than observed with rat 
suggesting that alligator has lower levels of these induced CYP IA isoforms. This is 
corroborated by previous studies of classical mammalian CYP 1A preferred activities 
(i.e. methoxy- or ethoxyphenoxazone O-dealkylation, MROD and EROD respectively) 
which indicate that alligator liver has lower constitutive activities, 3MC-inducible 
activities and requires longer induction periods than the rat [37-40, 67, 68, 72.73.
136]. Similar to rat, the preferred CYP 1A activities in alligator were nominal in 
uninduced controls. The problems associated with using antibodies across phylogenetic 
classes, observed with the CYP 2 family isoforms did not exist with antibodies to the 
CYP 1A isoforms. This is probably owing to the more conserved nature of this 
subfamily. The monoclonal antibodies used were quite specific and gave no 
adventitious background. The polyspecific antibody from Oxford Biomedical, when 
optimized, produced very little background [67, 136], however, when used at 
conditions to allow both rat and alligator to be observed on the same gel, at equal levels 
of protein, some background bands were observed. These results indicate the presence 
of alligator liver microsomal P450 with epitope homology to CYP 1A which is inducible 
by 3MC. The lack of induction of these isoforms in alligator by ARO indicates a unique 
differences in P450 regulation between alligator and mammals.
Northern blot analysis of alligator liver mRNA using a trout Oncorhynchus 
mykiss CYP 1 Al cDNA probe were inconclusive because of large standard deviations 
due to cross-hybridization of the probe with other isoforms [40]. Transcriptional 
regulation of CYP 1A in alligator still seems probable in light of the strong recognition 
by a mammalian Ah-receptor antibody of a protein in alligator liver cytosol in the correct 
MW range(- 120 kDa) as that found in other animals [40]. The molecular weight of the 
AhR ligand-binding subunit of the Ah-receptor complex varies from -95 kDa to -130
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kDa in mammals [22,126] and from —115 kDa to -145 kDa in fish [126]. Furthermore, 
transcriptional regulation of CYP 1A isoforms has been observed in other reptiles. The 
snake Thamnophis sp. appears to have a non-constitutive, transcriptionally regulated 
CYP 1A as indicated by undetectable mRNA levels in controls and induced levels 
detectable with a trout Oncorhynchus mykiss CYP 1A cDNA probe at 22 hrs post­
treatment with 100 mg/kg B-naphthoflavone [59]. Results from the same study, but 
with the turtle Chrysomyces picta , were inconclusive due again to large standard 
deviations reminiscent of our study of alligator (see above).
Although the present results from alligator corroborate findings in other reptiles 
with respect to the presence and induction of CYP 1A isoforms, some interesting 
anomalies are noted. For example, no apparent induction of CYP 1A in alligators 
pretreated with TCB or ARO was detected by western blot analysis of liver microsomes 
probed with mouse anti-scup CYP 1A antibody. In the turtle Mauremys caspica rivulata 
CYP I A-like protein was induced in liver microsomes by ARO- pretreatment [138]. and 
in the turtle Chrysemys picta picta was induced by ARO- and TCB-pretreatment [ 140] 
as indicated in western blots probed with the same antibody used in the alligator study. 
Protein that cross-reacts with CYP 1A antibodies have also been noted in turtle 
Chrysemys scripta elegans [126] and in the spectacle caiman Caiman crocodylas [113]. 
The different induction patterns noted for CYP 1A isoforms between reptiles mitigates 
against generalizing the effects of chemical exposure even within the reptilian class.
PB-pretreatment of mammals induces several isoforms in the CYP 2 family 
which metabolize bulky, often nonplanar, hydrophobic xenobiotics. These isoforms are 
not only important as potential biomarkers of certain chemical exposure (e.g. DDT) but 
also as catalysts of drug metabolism. The CYP 2 family isoforms (2B, 2C. 2E. 2K) 
were surveyed here with five different antibodies to probe for induction of P450 by five 
different xenobiotic treatments (Figs. 4.4-4.8). Each antibody, whether monoclonal or
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polyclonal, recognized multiple isoforms in western blots. The greatest induction in 
each case was observed with PB-pretreatment. An interesting result was the minor 
induction of CYP 2 isoforms by 3MC-pretreatment. 3MC-treatment of rats in parallel 
experiments showed no induction of CYP 2 isoforms; if anything, down regulation of 
these isoforms may have resulted.
The lower substrate discrimination factors (DF; [10]) of phenoxazone O- 
dealkylation between PB and 3MC in alligator [39] as compared to rat [ 10] may in part 
be explained by this apparent induction by 3MC of CYP 2 isoforms in alligator. 
Conversely ARO, TCB and CLO, all well characterized inducers of P450 in the rat. 
show little if any inducibility in the alligator. The only noticeable induction response to 
ARO and TCB treatment was in the blot probed with a CYP 2K antibody. Here, faint 
bands were observed to react with anti-CYP 2K, albeit, fewer bands were recognized 
and a lower degree of induction was observed than with 3MC-treatment. The lack of 
significant induction in alligator by ARO, TCB and CLO of CYP 2 family isoforms. 
combined with the observed induction of CYP 2 isoforms in this animal by 3MC 
indicates marked differences in isoform regulation from the rat. Similar to rat, the CYP 
2 family isoforms appear to be constitutively expressed as evidenced by immunoreactive 
bands to various CYP 2 antibodies in the control lanes. The presence of bands that 
immunoreact with the monospecific anti-CYP 2C11 or polyspecific anti-CYP 2C (Fig. 
4.6) in treatment lanes without corresponding bands in controls indicate that not all CYP 
2 family isoforms are constitutively expressed in alligator.
The observed similarities in the banding patterns with the antibodies raised 
against rabbit CYP 2B1&2, scup P450B (putative CYP 2B), rat CYP 2E1, trout CYP 
2K and rat CYP 2C caused us to consider whether the use of antibodies across 
phylogenetic classes compromised the specificity of the antibody. Crossreactivity of 
these different antibodies to a P450 isoform purified form PB-pretreated alligator liver
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microsomes indicates that some of the bands resolved in figures 4.4-4.8 are not 
necessarily different isoforms. The observed differences in banding patterns of the 
microsomal western blots indicate that while these antibodies overlap in specificity they 
also uniquely recognize different subsets of the induced P450 isoforms. The induction 
of CYP 2 family isoforms in alligator is corroborated by previous studies showing an 
increase in P450 specific content with PB-pretreatment and a time-dependent induction 
of pentoxy- and benzyloxyphenoxazone O-dealkylation, activities that discriminate this 
type of isoform induction from other isoform-types quite well [37-40]. Relative to the 
rat, the lower content and intensity of immunoreactive bands in western blots of control 
alligator microsomes as well as those from pretreated-alligators are consistent with P450 
activity studies which revealed substantially lower activity in both control and PB- 
induced alligators than in similarly treated mammals [37-40,67, 137].
The loss of isoform specific recognition and concomitant increase in cross­
reactivity within a family but not between families suggests that the epitope regions 
probed have greater homology within a family of a given organism than a specific 
isoform has across phylogenetic classes. This is supported by a 50 amino acid N- 
terminal sequence of the purified PB-inducible alligator liver microsomal protein, which 
is clearly a P450 isoform in the 2 family, but which is likely to be of a new subfamily as 
the highest homology exhibited after alignment is similar for several subfamilies [40]. 
This same purified PB-inducible P450 was highly crossreactive with antibodies to 
several CYP 2 isoforms from mammals and fish.
While western blots clearly indicate the induction of multiple proteins with 
epitope homology to different CYP 2 family isoforms, identification and assignment to 
individual CYP 2 subfamilies remains to be established as does confirmation of whether 
or not they are homologues or orthologues to mammalian isoforms. The inability of 
EROD to discriminate 3MC from PB pretreatment in alligator as it does in mammals [37.
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39] (discrimination factors of alkoxyphenoxazone O-dealkylation (AROD) are in general 
much lower in alligator than in mammals) more than likely precludes the exclusive use 
of AROD as a method of P450 isoform identification in the alligator and probably other 
reptiles; purification or sequencing will be required.
The combined pretreatment (co-induction) with PB and 3MC in alligator was 
attempted in an effort to induce CYP 1A and CYP 2 mRNA for isolation. The pattern of 
induction of P450 isoforms that resulted from this co-induction regimen was far more 
consistent with that obtained by induction with 3MC alone. The only observed 
exception was the presence of an additional faint band in the co-pretreated lane of the gel 
probed with an anti scup P450B antibody (Fig. 4.5). This observation may be pertinent 
in the use of western blots of P450s in biomarker studies in which sentinel organisms 
are exposed to chemical mixtures. In this regard the response to multiple exposures is 
not merely the sum of individual exposures but a process of concomitant induction and 
down regulation of P450 isoforms. This is important in light of the fact that multiple 
exposures are likely to be the norm and not the exception in nature.
CYP 3 A induction further illustrates the differences in responses and regulation 
between mammals and alligators by classical xenobiotics. In rat, PB and 3MC cause the 
induction of markedly different subsets of P450s (Fig. 4.2-4.10). In contrast, alligator 
liver microsomal protein recognized by anti-trout LMC5 (CYP 3 A), is induced by 
pretreatment with either PB or 3MC and the combination of PB and 3MC (Fig. 4.9).
The lack of induction by CLO of an alligator liver microsomal protein recognizable by a 
rabbit anti CYP 4A antibody corroborates previous findings by our laboratory showing 
lack of induction of CYP 4A mRNA and lauric acid hydroxylation, a preferred activity 
of CYP 4A [40].
Detection of the presence and induction of P450 in alligator can be achieved on 
western blots probed with antibodies generated to other phylogenetic classes. The use
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of antibodies across phylogenetic lines may introduce various caveats, nevertheless 
useful information is garnered. Our data indicates multiple hepatic microsomal P450 
isoforms with homologous epitopes to CYP IA are inducible by 3MC- or combined 
3MC-PB-pretreatment in alligator. There are also multiple P450 isoforms present and 
inducible in alligator with homologous epitopes to different CYP 2 subfamilies after 
pretreatment with PB, 3MC or the PB-3MC combination. These results support 
previous induction studies of specific content, enzymatic activity, and N-terminal 
sequence analysis [37-40, 67, 68, 72, 73, 136].
The detection of alterations of P450 as a biomarker of pollution with antibodies 
raised to P450 isoforms from other phylogenetic classes can be of significant value as 
long as caution is exercised in the interpretation of results. The content o f cytochromes 
P450 present in organisms during xenobiotic exposure and the manner in which P450s 
are induced will aid our understanding of a compound’s fate and effects in these animals 
and thus, the potential transfer o f chemicals through the human food chain.
Finally, our results also pertain to the response of P450 isoforms to antibiotic 
drugs used in aquaculture [5, 20, 53, 88, 110, 116]; Such studies are deemed important 
in drug design and establishment of treatment modalities for reptiles. Recent studies of 
diseases associated with alligator aquaculture and the effects of classic major-use drugs 
[8, 19, 20, 100, 110] underscores the problems of extrapolating from major agricultural 
species to predict drug metabolism of minor-use species. We are presently studying the 
alteration of microsomal P450 in alligators pretreated with three antibiotic agents as part 
of a call for studies of drug responses in minor animal use by the Food and Drug 
Administration [41-44, 87, 88, 116].
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CHAPTER 5 LIVER MICROSOMAL CYTOCHROMES P450- 
DEPENDENT ALKOXYPHENOXAZONE O-DEALKYLATION OF 
ALLIGATOR AND RAT: COMPARISON OF THE EFFECTS OF FIVE 
XENOBIOTIC-PRETREATMENTS ON ACTIVITIES, SUBSTRATE  
PREFERENCES AND DISCRIMINATION FACTORS
5.1 Introduction
The mixed function oxidase system (MFO) is present and inducible in alligator 
liver microsomes [37, 38,40, 67, 68, 72, 73, 136]. MFO is composed of a 
monooxygenase (cytochromes P450) and reductases (cytochrome b5 or cytochrome 
P450 reductases). Cytochromes P450 (CYP) is the primary pathway responsible for the 
monooxygenation of foreign compounds (xenobiotics) along with endogenous 
compounds such as steroids and fatty acids. CYP is membrane bound protein, in the 50 
kDa range which is located on the cytosolic face of the smooth endoplasmic reticulum 
and in the mitochondria. There are over 500 CYP isoforms that have been identified, 
which have broad and overlapping substrate specificity. The amount of enzyme present 
can be induced by a variety of agents which may or may not be substrates. Two 
classical inducers are 3-methylcholanthrene (3MC) and phenobarbital (PB). Induction 
of 3MC isoforms (CYP 1A in mammals) is often followed because it is indicative of 
exposure to flat, planar hydrophobic compounds that characterize the vast portion of 
chemical industry discharge into the environment. PB-inducible isoforms (CYP 2B in 
mammals) are of interest because they are induced and metabolize nonplanar 
hydrophobic compounds including drugs and various pesticides, e.g. DDT. Some of 
the P450 inducers will co-induce several isoforms from several CYP families or 
subfamilies at one time. Aroclor 1254 (ARO), 2,2',4,4’-tetrachlorobiphenyl (TCB) and 
ciofibrate (CLO) are classical inducers of multiple isoforms.
Due to broad substrate specificity of the P450 isoforms, measurement of 
enzymatic activity can be accomplished with a variety of hydrophobic substrates. The 
use of a substrate series such as the alkyl-substituted alkoxyphenoxazones (resorufins)
112
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permits assessment of the involvement of a wide variety of P450 isoforms with a single 
type of reaction and hence, discrimination between the isoforms by varying the nature of 
the alkyl side chain at the number 7 carbon atom [9-12]. In rat liver microsomes 3MC- 
inducible isoforms exhibit the highest level of activity with short-chain aliphatic side 
groups which tend to maintain planarity, e.g., ethoxy- or methoxyresorufin (EROD. 
MROD). The longer, bulkier substitutions (BROD , PROD) are preferred by the P450 
isoforms which metabolize non-planar hydrophobic compounds, e.g., PB-inducible rat 
liver microsomal P450. Recently two more alkoxyphenoxazones have been described, 
isopropoxy- and phenylbenzyloxyphenoxazone (IPROD, PBROD) [12]. IPROD is a 
significant addition as it helps to define the point of transition between isoforms which 
metabolize flat-planar-hydrocarbons and those which metabolize non-planar 
hydrocarbons. PBROD is important because the added bulk of the substituent groups 
helps define the size constraints found in the active sites of some isoforms.
While a particular induction regime may induce isoforms with a preference (have 
greater activity) for a given alkoxyphenoxazone they will metabolize to a certain extent 
most of the different substituted phenoxazones due to the broad and overlapping nature 
of P450 substrate specificity. A given alkoxyphenoxazone O-dealkylation (AROD) may 
principally reflect the metabolism by isoforms to a specific P450 subfamily because the 
rate of metabolism by other isoforms is small by comparison. In an effort to define the 
appropriate substrate for a given isoform Burke and Mayer defined the discrimination 
factor (DF) for a given AROD as the degree of induction by the agent giving the greater 
induction divided by the degree of induction by the agent giving the lesser induction 
[10]. In this way if BROD had a DF greater than 10 for PB-inducible isoforms with 
respect to 3MC-inducible isoforms, less than 10% of the activity is due to the 3MC- 
inducible isoforms in a system containing only these two types of P450s.
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EROD activity has been used as a biomarker of CYP 1A induction, and as an 
indicator of exposure to polycyclic aromatic hydrocarbons (PAH) because of its high DF 
in mammals for 3MC-inducible relative to PB-inducible isoforms. The major 
differences observed between alligator and rat reported here point to the problems of 
extrapolating across phylogenetic classes to predict the type of exposure. This study 
will help in interpreting results of these activities as biomarkers of xenobiotic exposure 
in alligator. How alligators metabolize pollutants from farm run-off and chemical 
industry discharge into its environment [67, 68] is not only important because exposure 
threatens this organism, but as an increasing food commodity exposure and metabolism 
of xenobiotics in alligators represent a source of human exposure.
Exposure of alligators in Florida to chlorinated hydrocarbon pesticides has been 
associated with reproductive failure and abnormal development of reproductive organs 
[54-57]. These pesticides are estrogenic mimics which may both induce P450s and 
compete with steroid hormones involved in regulation of reproductive cycles in 
alligators and other reptiles [54-56]. Since specific P450 isoforms are involved in 
temperature-dependent sex determination of various reptiles, including alligators [28.
78], alteration of steroid hormone levels by pesticides may have a critical effect on 
gonadal development. Whether pollutants can have synergistic effects has recently come 
under increased scrutiny. Alligators in this study exposed to a mixture of the classical 
xenobiotic inducers (PB and 3MC), while not pesticides, exhibited neither synergistic 
nor additive induction of P450 activity as compared to treatment separately.
Characterization by this substrate series of the breath and rate of P450 catalysis 
is not only important in determining the fate and disposition of xenobiotics discharged 
into the environment but also for their ability to metabolize drugs used in alligator 
aquaculture. The importance of the latter is heighten by the FDA call for investigation 
into minor use drugs and alteration in the guidelines to facilitate drug approval [41-44.
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87,88, 116]. The alligator has become the most economically important cultured 
reptilian species in Louisiana for both its hide and meat since its removal from the 
endangered species lis t. In 1995,208,332 wild and farm raised alligators were 
harvested in the United States as a whole, of which 158,760 were harvested in 
Louisiana for an annual gross farm value of about 17 million and 24 million dollars 
respectively, based on Louisiana commodity prices [81]. The relatively low gross farm 
value precluded the amount o f research previously required for FDA approval of drugs 
in these animals. Modifications of the guidelines were to address the lack of approved 
chugs for minor use species, which posed direct and indirect human health risks in light 
of the increasing use of these animals as agricultural commodities [42]. Recent studies 
into the diseases associated with alligator aquaculture and the effects of some classic 
major use drugs [8, 19, 20, 100, 110] underscores the problems inherent in attempting 
to extrapolate from major agricultural species to certain minor species, which have 
markedly different xenobiotic metabolism.
5.2 Materials and Methods
5.2.1 Animals
Juvenile alligators (120-160 g) obtained from Rockefeller wildlife refuge were 
induced with one of the following intraperitoneal injection regimes: 3- 
Methylcholanthrene (3MC) in com oil, 45 mg/kg body weight on days 1.3.4: 
Phenobarbital (PB) in buffered saline, 20 mg/kg body weight days 1&4 and 40 mg/kg 
body weight days 2&3; Clofibrate (CLO) in H2O, 80 mg/kg body weight on days 1
through 4; Aroclor 1254 (ARO) in com oil, 500 mg/kg body weight on day 1 only;
2,2',4,4' tetrachlorobiphenyl (TCB) in com oil, 45 mg/kg body weight on day 1.3 and 
4; or a PB-(20 mg/kg) 3MC (45 mg/kg) mixture in com oil on days 1,2,3, & 4 of 
exposure. All animals were sacrificed on the day following the last injection (day 5).
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Both untreated and vehicle-treated controls were used. Microsomes were prepared by 
differential centrifugation and solubilized as described by Jewell et al. [67].
5.2.2 Specific Content
Specific content was determined at 25°C by differential spectroscopy of reduced 
microsomes compared with and without carbon monoxide in 50 mM KPi. 20% glycerol 
(pH 7.4) using an extinction coefficient of 91 mM'^cm*1 [104]. Spectra were taken 
from 490 to 390 nm. The A OD was determined by taking the difference of the 
absorbance at the peak and the isosbestic point at 490 nm. Protein concentration was 
determined by a modified fluorescamine assay using a Millipore cytofluor 2350 plate 
reader as described by Bohlen et al. [7] and modified by Lorenzen and Kennedy [80].
5.2.3 Enzymatic Assays
7-Ethoxy-, 7-methoxy-, 7-isopropoxy, 7-phenylbenzyloxy, 7-pentoxy- and 7- 
benzyloxyphenoxazone O-dealkylation (EROD, MROD, IPROD. PBROD, PROD. & 
BROD, respectively) assays were performed according to Burke, et al. [9-11 ] as 
adapted to the micro-plate system by Kennedy, et al. [70]. The reaction mixture 
contained microsomal protein in 50 mM Tris-HCl (pH 7.2), 5 mM M gCb. 5 (J.M
substrate. Reactions were initiated with NADPH, incubated at 37°C and stopped after 
15 min with 1.5 volumes of ice cold methanol. The product was quantitated in a 
Millipore cytofluor 2350 microplate reader at 530 nm and 590 nm excitation and 
emission, respectively. Activity was expressed as product produced per min per mg 
microsomal protein (pmol/min/mg) or divided by the specific content and expressed as a 
turnover number (pmol/min/nmol total P450). Degree of induction was the activity of 
the sample (pmol/min/mg) divided by the activity of the appropriate control and 
expressed as a percentage. Discrimination factor (DF) is the degree of induction by the 
agent giving the greater induction divided by the degree of induction by the agent giving 
the lesser induction [10].
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5.3 Results
5.3.1 Induction o f Cytochromes P450 Specific Content
The non-isoform specific P450 content was determined by difference 
spectroscopy of CO-liganded minus unliganded, dithionite-reduced microsomes [104], 
Figure 5.1 shows the P450 specific content of alligator and rat liver microsomes for the 
various treatments and controls. In general the specific content of the alligator is less 
than the lowest content found in rat (the control). The notable exceptions are those 
alligators treated with PB. In this case, liver microsomes o f alligators pretreated with 
either PB or a mixture o f PB and 3MC had a higher specific content than the rat control 
but less than PB-treated rats. In rat the specific content went up with each type of 
treatment. ARO and TCB are co-inducers of CYP 1 and CYP 2 in rat. which is 
consistent with the observed higher content found with these inducers than with PB 
(CYP 2B) or 3MC (CYP 1 A) alone. In contrast, P450 content in alligator while 
exhibiting induction by PB and 3MC, was not induced above control levels with either 
ARO or TCB.
The difference spectra of rat liver microsomes gave the typical peak at 450 nm in 
control, PB-, TCB- and CLO-treated animals. 3MC-pretreatment of rats and alligators 
resulted in a red shift to 448 nm and 449 nm with the co-inducer ARO, corroborating 
previous studies [67]. In contrast to the 450 nm chromaphore of CLO-pretreated rats, 
pretreatment of alligator with CLO gives a peak at 449 nm. Pretreatment with a mixture 
of PB and 3MC resulted in a red shift to 448 nm in the CO difference spectrum. Thus, 
induction by the PB-3MC mixture yielded a spectrum similar to that of 3MC- 
pretreatment alone.
5.3.2 O-Dealkylation of Alkoxy Phenoxazone
Alkyl-substituted phenoxazones are used extensively to discriminate between 
P450 isoforms induced by treatment with different chemicals [9-11]. For example, the
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Fig. 5.1: Cytochromes P450 specific content as determined by CO binding for 
various xenobiotic treatments of both alligator and rat.




3MC-inducible CYP 1A in rat shows a marked preference for ethoxyresorufin than does 
rat PB-inducible CYP 2B, which more profoundly dealkylates the pentoxy-substituted 
substrate. Isopropoxy- and phenylbenzyloxy-substituted phenoxazones have recently 
been added to the suite of substrates used to probe P450 isozyme preferences.
5.3.2.1 Benzyloxyphenoxazone O-Dealkylation
When substituted with the bulky, nonplanar benzyloxyl substituent the 
phenoxazone is dealkylated by liver microsomes of PB-induced rats at a rate of about 
1200 pmol/min/mg (Fig. 5.2), which is 47-fold greater than with noninduced control 
microsomes (Table 5.1). As indicated by the discrimination factors (DF) presented in 
Table 5.1, BROD is a slightly preferred activity of PB-, ARO- or CLO-inducible P450 
as compared to 3MC-inducible P450 in rat. BROD activity catalyzed by microsomes of 
PB-induced alligators is less than one tenth that found in similarly treated rats (Fig. 5.2). 
The ability to discriminate between induced isoforms with BROD in alligator (DF = 20- 
30) is greater than in rat (DFs less than 6). PB-induced liver microsomes showed the 
greatest preference for BROD in alligator (Fig. 5.2). In contrast to the rat, the alligator 
shows only minor alteration in BROD after pretreatment with ARO, TCB or CLO.
5.3.2.2 Pentoxyphenoxazone O-Dealkylation
PROD has been classically used to probe for induction of CYP 2B by PB and 
other chemicals in mammals [10, 11]. CYP 2B preferentially catalyzes dealkylation of 
nonplanar substrates, e.g., pentoxyphenoxazone and benzyloxyphenoxazone. While 
the specific activity of rat microsomal PROD is less than BROD, PROD better 
discriminates between PB-inducible and 3MC-inducible P450 than does BROD (Table
5.1 and 5.2). As was seen with BROD, liver microsomal PROD activity is more than 
10-fold higher in rat than in alligator. This was true for both controls and PB-induced 
animals. Similar to rat, PROD specific activity of alligator liver microsomes is lower 
than BROD, however, the DF for PROD is not increased in the alligator over BROD.
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Fig. 5.2: BROD Activity of various xenobiotic treatments of alligator (Top Panel) 
and rat (Bottom Panel).
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Like BROD, microsomal PROD activity of alligator was changed very little by 
pretreatment with ARO, TCB and CLO (Fig. 5.3).
5.3.2.3 Phenylbenzyloxyphenoxazone O -Dealkylation  
Phenylbenzyloxy substitution of phenoxazone has been recently proposed for
use as a P450 substrate [12]. This substrate is dealkylated by alligator liver microsomes 
from noninduced controls and PB-induced animals at rates similar to that of PROD (Fig.
5.3 and 5.4). However, the ability of PBROD to discriminate between PB-inducible 
P450 and 3MC-, ARO-, TCB- or CLO-inducible P450 ranged from 2 to 7-fold greater 
than PROD. As with the other substrates, there was little alteration in PBROD relative 
to controls after pretreatment of alligators with 3MC, ARO, TCB or CLO (Fig. 5.4). In 
contrast to the alligator, microsomes of PB-induced rats have a PBROD rate that is 
nearly 100-fold less than PROD (Fig. 5.4). The strong ability of PBROD to 
discriminate between PB and 3MC-inducible P450 in rat is due to the essentially zero 
rate of PBROD catalyzed by 3MC-inducible P450. The rat PBROD profile resulting 
from the various pretreatment protocols differs from the profile obtained with the other 
non-planar alkyl-substituted phenoxazones. The rate of PBROD catalyzed by 
microsomes from ARO-induced rats is lower than that catalyzed by TCB- and CLO- 
induced animals. This reduced rate of dealkylation with the ARO-induced microsomes 
results in a DF of 10 for PBROD as a discriminator between ARO- and PB-inducible 
P450.
5.3.2.4 Isopropoxyphenoxazone O -Dealkylation
BROD, PROD, and PBROD activities were all higher with PB-induced 
microsomes than with those from the other inductions for both rats and alligators. 
IPROD, MROD and EROD activities were highest with liver microsomes from 3MC- or 
ARO-pretreated rats. IPROD is the exception to this trend in alligator liver microsomes. 
Rat liver microsomal IPROD is not only induced by 3MC-pretreatment (Fig. 5.5). but is
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Fig. 5.3: PROD Activity of various xenobiotic treatments of alligator (Top Panel) 
and rat (Bottom Panel).
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Fig. 5.4: PBROD Activity o f various xenobiotic treatments of alligator (Top Panel) 
and rat (Bottom Panel).









C trl PB 3M C ARO TCB CLO
Fig. 5.5: IPROD Activity of various xenobiotic treatments of alligator (Top Panel) 
and rat (Bottom Panel).
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a highly preferred activity of 3MC- over PB-inducible P450 (DF = 7, Table 5.4). The 
opposite trend was noted for IPROD of alligator, which was induced more greatly by 
PB-pretreatment and is a preferred activity of PB-inducible P450. This is a marked 
difference as the other AROD activities showed a consistent trend in substrate preference 
between alligator and rat. As with all the other substrates tested, the IPROD activity of 
alligator liver microsomes was altered little by pretreatment with ARO, TCB or CLO 
(Fig. 5.5). While the rate of liver microsomal IPROD of PB-induced alligators is 
similar to that with the BROD, PROD and PBROD, its ability to discriminate induction 
by PB from induction by 3MC, ARO, TCB or CLO is less (compare DF values in 
Tables 5.1 - 5.4). The degree of induction of microsomal BROD, PROD, and PBROD 
activities in alligator by the PB-3MC co-pretreatment were closer to that found in 
alligators pretreated with 3MC alone (Fig. 5.2,5.3 and 5.4). In contrast, induction of 
IPROD by the PB-3MC co-pretreatment was intermediate to that of the separate 
induction regimes. The overall induced IPROD level in the alligator was 40 times lower 
than the induced level in rat. The rate of IPROD with ARO-induced rat microsomes was 
intermediate to that found for MROD and EROD (Fig. 5.5, 5.6, and 5.7). The DF for 
IPROD, both for alligator and rat, was most robust for discriminating between PB- and 
ARO-inducible P450, even though IPROD is preferred by PB-inducible isoforms in 
alligator and ARO-inducible isoforms in rat.
5.3 .2 .5  M ethoxyphenoxazone O -Dealkylation
MROD activity, for both alligator and rat, reflect mainly catalysis by CYP 1 A. 
for example, 3MC-inducible P450 in alligator and 3MC- and ARO-inducible P450 in rat 
(Fig. 5.6). MROD activity of the other inducers remained near control levels. The 
alligator liver microsomal MROD activity was 40 times lower than those of rat, and was 
not induced by ARO (Fig. 5.6). As was IPROD, induction of alligator microsomal 
MROD by PB-3MC co-pretreatment was intermediate to that of separate induction by
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Fig. 5.6: MROD Activity o f various xenobiotic treatments o f alligator (Top Panel) 
and rat (Bottom Panel).
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Fig. 5.7: EROD Activity of various xenobiotic treatments of alligator (Top Panel) 
and rat (Bottom Panel).
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PB or 3MC. MROD and EROD are similarly catalyzed by 3MC-inducible P450 in 
alligator (Fig. 5.6 and 5.7) but, as indicated by their respective DF values (Table 5.5 
and 5.6), MROD is a better discriminator of 3MC-induction than PB-induction. In 
contrast, rat liver microsomal MROD activity is 3-fold lower than EROD with both 
having similar abilities to discriminate between inducible isoforms (Table 5.5 and 5.6).
5.3.2.6 Ethoxyphenoxazone O -D ealkylation
EROD is a benchmark indicator of CYP 1A activity and induction [9-12]. Of the
O-dealkylation reactions studied in rat, the highest level of induced activity was EROD 
with the ARO-induced microsomes (4 nmol/min/mg) (Fig. 5.7). EROD also was the 
best discriminator between 3MC and PB-inducible P450. Interestingly, whereas ARO 
and 3MC are the only major inducers of CYP 1 A, and corresponding EROD, in rat 
liver, EROD in alligator is induced by PB-pretreatment to a level nearly half that induced 
by 3MC. Furthermore, only a minor increase in EROD above controls was observed as 
a function of ARO pretreatment. A result of the PB-induction of alligator liver 
microsomal EROD is the lower DF of this activity between PB-and 3MC-inducibIe 
isoforms relative to MROD. The observed level of EROD induced in alligators liver 
microsomes by co-pretreatment with PB-3MC was again intermediate to that when these 
inducers were administered separately. The highest AROD activity observed by PB- 
3MC co-pretreatment was, however, EROD.
5.3.3 The Effect of CYP 1A and CYP 2B Inhibitors
The effects of four inhibitors were studied with respect to catalysis of O- 
dealkylation of four substrates by liver microsomes from PB- and 3MC-treated alligators 
and rats. The CYP 1A type inhibitors were a-napthaflavone (Nap) and l-ethynylpyrene 
(1-EP) and the CYP 2 type inhibitors were SKF525A and 9-ethynylphenanthrene (9- 
EPH), which have been well characterized in mammals [45, 66]. Initially, the effects of 
each of the inhibitors on the microsomal O-dealkylase activities were screened at a































































0 0  OS 
CN CN
CN O s  O ;  
m  s O  sC>
OO CN O  C
O ^  — — 
—  c n
o c  c n  CN CN
O 00 0 - -
CN





















r n CN O
CN v d o
—  r-̂ c n CN o
*n — CN CN
c n  cn| ©  —
c n  — i n  —  —  —  
—  CN
U
S U O c a o































































\ C  OO
—" r-
© o  
m " — ’ —  
—  CN
'T  N  Tf 
r n  r f  — ’




CL c n  <  H
CN
Os
m  c n  
— sd
~
—  CN T f




CQ CQ S  
CL CL rn







































concentration of 10 jiM (Figure 5.8 and 5.9). Note that certain AROD activities are 
scaled multiples as recorded along the abscissa.
5.3.3.1 Inhibitors o f PB-inducible M icrosomal Activities
As expected, activities preferentially catalyzed by microsomes of PB-induced 
rats (PROD and PBROD) were inhibited by SKF 525A and 9-EPH, but not by Nap 
(Fig. 5.8). While 1-EP is a good inhibitor of CYP lA-catalyzed activity, it also 
inhibited PROD and PBROD catalyzed by PB-induced rat liver microsomes. EROD and 
IPROD, preferred activities of 3MC-inducible P450 (CYP 1 A) were inhibited to some 
degree by all of the inhibitors with PB-treated rat liver microsomes. Marked differences 
with inhibitors were noted between alligators and rats with respect to PB-pretreatment. 
As with rat, PROD activity of PB-induced alligator microsomes was not inhibited by 
Nap, but was by SKF525A. In contrast to the rat, 1-EP had little effect on PROD. With 
respect to PBROD activity, the pattern of inhibition in the alligator and rat systems was. 
in general, similar except for the substantial inhibition with alligator microsomes by Nap 
as compared to its lack of inhibition of rat. IPROD, a preferred activity of PB-induced 
P450 in alligator, and EROD, a preferred activity of 3MC-inducible P450, behaved 
similarly toward the inhibitors as did PROD.
5.3.3.2 Inhibitors o f 3MC-inducibIe M icrosomal Activities
Rat liver microsomal EROD, IPROD (preferred activities of 3MC-inducible 
P450) and PROD were strongly inhibited by Nap and 1-EP (CYP 1A preferred 
inhibitors) and to a lesser extent by the nonisoform-specific inhibitor, 9-EPH (Fig. 5.9). 
Only minor inhibition of PROD and EROD and no inhibition of IPROD was noted with 
the CYP 2 preferred inhibitor, SKF525A. PBROD activity was too near the detection 
threshold with 3MC-induced rat liver microsomes to measure inhibition (Fig. 5.4). 
EROD, IPROD (preferred activity of PB-inducible P450 in alligator) and PROD 
activities of 3MC-induced microsomes of alligator, like rat, were inhibited by Nap and
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Fig. 5.8: EROD, IPROD, PBROD, PROD of PB-pretreated alligator or rat liver 
microsomes assayed with and without various P450 inhibitors at 10 fiM. ARODs 
with low activity have been multiplied by a scale factor noted along the axis.
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Fig. 5.9: EROD, IPROD, PBROD, PROD of 3MC-pretreated alligator or rat liver 
microsomes assayed with and without various P450 inhibitors at 10 |iM. ARODs 
with low activity have been multiplied by a scale factor noted along the axis.
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1-EP. In contrast to the rat, EROD and IPROD activities of 3MC-induced alligator 
microsomes were equally sensitive to inhibition by SKF525A and 9-EPH. albeit much 
less so than Nap. PBROD and PROD activities were low with 3MC-induced alligator 
liver microsomes and were completely abolished by each of the inhibitors with the 
interesting exception of Nap toward PBROD.
5.4 D iscussion
Herein, we report the findings of pretreatment of alligators with five classical 
benchmark inducers of the hepatic microsomal mixed function oxygenase system. The 
parameters studied included: 1) the degree of induction of O-dealkylase activities with 
respect to several substituted alkoxyphenoxazone substrates, 2) alterations in substrate 
preferences as a function of the various induction regimens. 3) specificities of known 
inhibitors of the microsomal MFO system toward inducible P450 isoforms, and 4) the 
relative abilities of the various substrates to discriminate between inducible cytochromes 
P450 isoforms in microsomal systems. These parameters were further compared with 
noninduced controls and with the rat model; the latter was used to discern between the 
reptilian and mammalian responses as part of an ongoing, long-term pharmacological 
and toxicological study of alligator MFO [37, 38, 40, 67, 68, 72, 73, 136].
An overall general observation for both control and induced animals was a lower 
specific content and 10- to 100-fold lower AROD activities with the alligator model as 
compared to similarly treated rats. While similarities exist between alligator and rat there 
were also marked differences. The alkoxyphenoxazone substrates have been useful as 
indicators of the families and, in certain cases, subfamilies of inducible P450 isoforms 
in mammals [9-12], fishes [126], and avians [111, 113, 132]. By comparison there is a 
dearth of such characterization of reptilian MFO. It is interesting that the xenobiotic 
which gave the highest level of AROD induction exhibited activities in a narrow range 
from 30 to 80 pmol/min/mg with alligator microsomes, while rat microsomes varied
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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from 6 (PBROD) to 4000 pmol/min/mg (EROD). Notable differences in the ability of 
certain AROD activities to discriminate between PB- and 3MC-inducible cytochromes 
P450 between alligator and rat were also observed. In rat, PROD is a far more preferred 
activity of PB-inducible P450 than 3MC-inducible as indicated by the discrimination 
factor (DF =11, Table 5.2), with BROD having a DF half that of PROD. The DF for 
PROD and BROD are similar in alligator, indicating subtle differences in isoform 
preference of inducible P450 between this reptile and rat. BROD appears to be the better 
discriminator of PB-inducible P450 in alligator given the greater sensitivity gained by 
the 2-fold higher specific activity catalyzed by microsomes from PB-induced alligators. 
The induction of CYP 2 isoforms by PB is common in mammals and birds but is not so 
in fish and other lower vertebrates [40]. Our results with alligator are, to the best of our 
knowledge, the first to show PB-induction of P450 activities typical of the mammalian 
CYP 2 family isoforms in a reptile. In conjunction with recent reports of P450 
induction by PB in turtle as detected by western blots [140], the importance of further 
study of the evolutionary origins of P450 regulation in reptiles is heightened. The 
induction of P450 by PB is generally absent in amphibians, fish and marine 
invertebrates tested to date. There are, however, a few reports which may indicate 
possible a minor temperature-dependent induction of P450s by PB or PB-type inducers, 
in newt Pleu.rod.eles waltl [86], the lizard Agama lizard [58] and the fish Carpus carpus 
[58], The importance of not generalizing the PB-type induction in lower vertebrates is 
emphasized by these reports combined with the absence of PB-induction in the snake. 
Thamnophis sp [120].
EROD and MROD are both preferred activities of 3MC-inducible isoforms (CYP 
1A) in alligator and rat. However, while EROD is preferred by CYP 1A in mammals 
and discriminates highly between PB- and 3MC-inducible P450, this is not the case with 
alligator microsomes as indicated by the low DF value in Table 5.6. MROD is the better
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discriminator as indicated by the 6-fold greater DF value between microsomes of 3MC- 
and PB-induced alligators (Table 5.5 and 5.6). Consistent with the present study of 
alligator, Ronis et al [111] reported that AROD activity in avians (quail) also did not 
follow the typical substrate preference found in rat. Microsomal EROD activity, which 
reflects CYP 1A content, of various animals has been used widely as an indicator of 
exposure to certain environmental pollutants, in particular PAH and certain chlorinated 
hydrocarbons. The marked difference in the value of DF for EROD and MROD indicate 
the need for further studies of microsomal MFO enzyme activities to obviate against 
generalization of P450 substrate specificity across phylogenetic classes and hence, their 
nonefficacious use as biomarkers of environmental contamination.
PBROD was the one activity tested which was greater with alligator microsomes 
than with rat. This was not owing to a particularly high activity in alligator, but to an 
extremely low activity of rat liver microsomes, which was 6-times lower than that of 
alligator. Despite these relative differences in PBROD activities the preferences toward 
this substrate between 3MC- and PB-induced microsomes were similar. In alligator 
IPROD was the preferred activity of PB-inducible P450 and in rat of 3MC- and ARO- 
inducible P450. This difference in substrate preference was not observed with the other 
substrates indicating that IPROD uniquely discriminates between different P450 
subfamilies of these two phylogenetically diverse animals. Thus, in light of the marked 
differences in the responsiveness in O-dealkylation activities of these atypical 
phenoxazone substrates, they may be useful adjuncts, along with the more typically 
used ARODs (e.g., MROD, EROD, PROD, BROD) as probes of alteration in P450 
isoform profiles upon xenobiotic induction.
In an attempt to isolate alligator liver mRNA encoding for 3MC- and PB- 
inducible isoforms animals were pretreated with a mixture of PB and 3MC. Western 
blot analysis of microsomes isolated from these animals indicated an induction pattern
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more like that of 3MC alone (Chap. 4). Pretreatment with 3MC or co-pretreatment with 
PB and 3MC caused marked induction of CYP 1A and minor induction of CYP 2 family 
isoforms as detected by m am m alian and fish antibodies. Consistent with the induction 
of protein recognized primarily by CYP 1A antibodies in microsomes of PB-3MC- 
copretreated alligators, the greatest O-dealkylase activities obtained with these 
microsomes were with substrates that have a high degree of preference for 3MC- as 
compared to PB-inducible P450, e.g. ethoxyphenoxazone. The minor induction by 
3MC of activities commonly preferred by PB-inducible P450 in alligator probably 
reflects the minor protein bands in the western blots of microsomes from 3MC-induced 
alligators that were recognized by CYP 2 family antibodies. A red shift to 448 nm in the 
peak of CO-difference spectra is observed with 3MC-induced isoforms in both rat and 
alligator. This red shift is also observed in the spectrum obtained with microsomes from 
alligators co-pretreated with PB-3MC supporting the contention that the co-pretreatment 
resulted in a pattern of induction closer to that of 3MC-treatment alone.
The alterations observed between alligator and rat in substrate specificity, the 
levels and range of specific activities of the various O-dealkylases, and the P450 content 
strongly suggest differences in P450 isozyme profiles, P450 structure, function and 
regulation following induction by xenobiotic chemicals between this reptile and 
mammals. Further evidence is the observed contrariety in the effects of the various 
inhibitors of MFO used in the present study. The selectivity of most of the inhibitors 
follow a similar trend between rat and alligator liver microsomes but varied in the degree 
of effect. In particular there is a marked reduction in the effect of the inhibitory 
capabilities of 9-EPH with alligator microsomes as compared to rat (Fig. 5.8 and 5.9).
9-EPH is a known inhibitor of mammalian CYP 2 family isoforms and their respective 
activities (i.e. PROD) but also has some effect on CYP 1 isoforms and activities [45.
66]. With alligator microsomes the effects of 9-EPH on PB-inducible activities
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(PROD, PBROD and IPROD) and 3MC-inducible activities (EROD) are greatly 
reduced. The substrate showing the most profound difference in selectivity between 
alligator and rat was isopropoxyphenoxazone. In alligator the highest IPROD activity 
was observed with PB-induced microsomes, and this activity was most profoundly 
inhibited by SKF 525A, a CYP 2 inhibitor. In contrast, the highest IPROD activity in 
rat microsomes occurred with microsomes from the 3MC-pretreated animals and this 
activity was inhibited most by the CYP 1A inhibitors 1-EP and Nap. The altered 
IPROD selectivity and inhibition suggest that this substrate is metabolized by different 
P450 families in rat vs. alligator. Differences in rat and alligator regulation of MFO are 
also observed by the lack of any dramatic induction of activity in alligator by classical 
mammalian inducers. Liver microsomal AROD activities were, at best, slightly induced 
in microsomes of ARO-, TCB- and CLO-pretreated alligators. This is consistent with 
western blot analyses previously done by us in which microsomes were probed with 
CYP 1 A, CYP 2, CYP 3 and CYP 4 antibodies. Although each antibody recognized 
proteins, only minor alterations were detected in association with ARO, TCB and CLO- 
pretreatment (Chapter 4).
Finally, our long-term study of alligator MFO has been concerned with both the 
toxicological and pharmacological implications of xenobiotic challenge to this reptile. 
Regarding the former, the fate and disposition of xenobiotics throughout the 
environment and the ability of the alligator and other reptiles to cope with xenobiotic 
challenge provides impetus for the study of MFO, particularly where chemical 
contamination threatens reptiles which in many parts of the world already has a 
precarious existence. In the Southeastern United States and in tropical and semitropical 
areas of the world crocodilians are increasingly farmed as a potential protein food source 
and for the value of their hides. Thus, the metabolism of drugs used in aquaculture of 
reptiles is becoming increasingly more important, especially in light of the FDA's recent
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call for investigations into drug use in minor use species [41-44. 87, 88, 116]. In these 
regards, the low discrimination factor between 3MC- and PB-inducible P450 of EROD 
in alligator liver microsomes underscores the jeopardy o f extrapolating mammalian 
paradigms of xenobiotic metabolism across phylogenetic classes.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 6 SUMMARY
In this dissertation, liver microsomes from the American alligator. Alligator 
mississippiensis have been examined for the presence of cytochromes P450 and their 
induction by various xenobiotic chemicals (PB, 3MC, ARO. TCB. CLO). The induced 
P450s have been further characterized by a variety of techniques including O- 
dealkylation of an alkoxyphenoxazone substrate series, inhibitor studies, specific 
content determination, induction time course determination, western blot analysis and 
northern blot analysis. The focus of these studies have been on the PB- and 3MC- 
inducible isoforms as the other treatments did not exhibit appreciable inducibilitv of 
either specific content or activity. Also reported are details of the isolation, purification. 
N-terminal sequence analysis and immunological characterization of a PB-inducible 
P450.
The pretreatment of alligators with 3MC consistently caused induction of the 
amount of total P450 (specific content) in alligator liver microsomes as measured by 
difference spectroscopy of the reduced heme with and without CO. Western blot 
analysis indicates that 3MC-induces two proteins with homologous epitopes to 
mammalian and fish CYP 1A having molecular weights in the 50 kDa range. While the 
largest induction observed with 3MC-pretreatment in western blots were with CYP IA 
antibodies minor inductions were observed as well with CYP 2 family antibodies. 
Concomitant with the increase in specific content and immuno-detected protein. 3MC 
induced activities associated with CYP 1A induction in rats (EROD and MROD). The 
observed content and activity in control and 3MC-induced alligators was lower than that 
found in rats. The AROD preferred by 3MC-inducible isoforms (MROD and EROD) 
was 20-50 fold lower in activity than that found in rat. The ability of MROD and EROD 
to discriminate between isoforms induced by xenobiotics was significantly different in 
alligator as compared to rat. While alligator liver microsomes catalyzed EROD. the
141
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activity with 3MC-induced microsomes was only 2-times greater than with microsomes 
from PB-induced alligators. In contrast to the rat, MROD activity in alligator markedly 
discriminated between 3MC-induced and PB-induced microsomal systems (DF = 12).
It took approximately 48 hr to maximally induce P450 in alligator with 3MC as 
compared to 16-24 hr in mammals [23,62, 105,121, 127]. Whether this induction is 
transcriptionally or translationally regulated remains unanswered as the northern blots 
using cDNA probes across phylogenetic classes was too variable. The possibility that 
the alligator 3MC-inducible isoforms are transcriptionally regulated is supported by the 
presence of a liver cytosolic protein of -120 kDa strongly recognized by an anti-mouse 
Ah receptor antibody(Fig. 2.2). The AhR is known to transcriptionally regulate CYP 
1A in mammals, and has a molecular weight in the range of 95 kDa to 130 kDa in 
mammals [22, 126] and 115 kDa to 145 kDa in fish [126]. The types of substrates 
metabolized, AROD inhibition by classical CYP 1A inhibitors and recognition by CYP 
1A antibodies supports the contention that the 3MC-inducible isoforms are in the CYP 
1A family. While data here are suggestive it still remains to be established whether these 
P450 isoforms are alligator homologues/orthologues of CYP 1A isoforms in mammals.
PB-pretreatment in alligator gave the greatest induction of total P450 specific 
content of all the inducers tested. PB-induced isoforms in alligator catalyzed the 
substrates preferred by PB-induced P450s in mammals (PROD and BROD). Similar to 
the 3MC-induction in alligator, the PB-induced isoforms exhibited activities that were 
10- to 100-fold lower than rat. An exception to this was PBROD which in alligator was 
metabolized at rates in the same range as PROD and BROD, but in rat was reduced to 
levels 5-fold less than alligator. This may have important implications as to the 
differences in the size and nature of the active sites between these two animals. There 
were also marked differences in which substrates had the greatest DF. In alligator 
BROD had the greatest ability to discriminate induction of PB-induced isoforms as
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compared to 3MC-induced isoforms, where in rat PROD had the greater DF. Another 
interesting difference in AROD between alligators and rats was which isoforms had the 
greater catalytic ability for IPROD. In rat the greater activity was observed with 3MC- 
inducible isoform yet in alligator it was the PB-induced isoforms which had the greatest 
activity. Western blot analysis indicated the induction of multiple P450s recognized by 
CYP 2 and CYP 3 family antibodies in the 49 to 53 kDa range. The rate of induction by 
PB in alligator was slower than in mammals taking 48 to 72 hr to reach maximal 
induction after a single injection. Whether these PB-induced isoforms are regulated on 
the transcriptional or translational level remains unanswered as the northern blot data 
was too variable when cDNA probes were employed from other phylogenetic classes. 
The types of activities catalyzed, the effect of classic CYP 2 family inhibitors ( i.e. SKF 
525A) and recognition of induced proteins by CYP 2 family antibodies support the 
contention that PB-pretreatment in alligator induces CYP 2 family isoforms.
In an effort to definitively assign the position of the PB-induced isoforms in the 
overall P450 gene family, the major PB-induced CYP from alligator liver microsomes 
was purified and characterized by western blot and N-terminai sequence analysis in 
preparation for future cDNA sequencing. The purified PB-induced CYP from alligator 
was co-recognized by several CYP 2 subfamily antibodies, partially explaining 
similarities observed with these antibodies in pretreated microsomal samples. This 
result indicates that the purified isoform has homology with the epitope regions of these 
different mammalian CYP 2 subfamilies. N-terminal sequence analysis again indicated 
that the purified protein was a member of the CYP 2 family. This the first sequence 
information available for any CYP 2 isoform in reptile. Alignment of the alligator 
sequence with other known CYP 2 families sequences gave homology with several 
isoforms (ex. CYP 2C, CYP 2E, CYP 2F), it however failed to uniquely identify this 
isoform as a member of a given subfamily. It may be that this isoform while a member
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of the 2 family will turn out to be a member of a new subfamily as has happened with 
Xenopus (CYP 2Q) and lobster (CYP 2L). Induction of alligator liver microsomal CYP 
2 isoforms by PB indicated by AROD studies, inhibitor studies and western blot 
analysis is supported by the placement of the purified PB-induced alligator P450 in the 2 
family by N-terminal sequence and western blot analysis. Whether the purified PB- 
induced alligator CYP isoform is orthologous to known CYP subfamilies (i.e. 
mammalian CYP 2C, CYP 2E, CYP 2F) or belong to a new CYP 2 subfamily will have 
to await cDNA sequence analysis.
Some xenobiotics that classically induce P450s in mammals do not in alligator. 
These indicate differences in regulation and available routes of metabolism with certain 
treatments. The lack of appreciable induction by ARO and TCB in alligator liver 
microsomal P450 specific content, activity, or western blot analysis is surprising as 
these induce multiple P450 isoforms in rat as observed in parallel experiments. ARO- 
pretreatment in rat induces both PB- and 3MC-inducible P450 isoforms and TCB 
induces multiple P450 isoforms including those induced by PB. In alligator only faint 
induction was observed in western blots along with concomitant low-level AROD 
induction. Similarly the peroxisome proliferator CLO induces CYP 4A in mammals but 
exhibits no induction in alligator of CYP 4A mRNA, lauric acid hydroxylase (typical 
CYP 4A activity in mammals), P450 specific content, and only small variations in 
AROD activity. While not induced western blots did indicate basal levels in alligator 
liver microsomes of a protein recognized by a CYP 4A antibody. While these 
experiments indicate the presence in alligator of P450s with epitope homology with CYP 
1 A, CYP 2, CYP 3 and CYP 4 isoforms which have at least basal AROD activity, it 
remains to be established the total number of isoforms present, the breadth of substrates 
metabolized and the array of possible inducers.
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The types of activities present and induced, the slower rate o f induction, and the 
lower catalytic rates found in alligator contrast with major use species in agriculture. 
This study points to the problems of extrapolating xenobiotic metabolism across 
phylogenetic classes to minor agricultural species and should alter how xenobiotic 
metabolism is viewed in alligators and help in determining drug treatment modalities in 
the aquaculture of this and other reptiles. The observed differences in alligator P450 
should also help understanding how pollutants from farm run-off and chemical industry 
discharge are metabolized by an organism with markedly different xenobiotic 
metabolism. The more taxa examined the better the prediction will be as to fate and 
disposition of pollutant throughout the environment as extrapolation from the 
mammalian model is insufficient. As environmental exposure is most likely to be to 
multiple xenobiotic, there has been an increase interest as to the effects of xenobiotic 
mixtures. In alligator treatment with the PB-3MC mixture gave western blots with 
inductions most similar to treatment with 3MC alone and activities which were neither 
synergistic nor additive but fell at levels in between that of the xenobiotics applied 
separately. These results indicate that one can not merely extrapolate from single 
xenobiotic exposure studies to indicate the effects of environmental condition where 
multiple xenobiotics are involved.
The observed differences in the ability of AROD to discriminate isoform 
induction should alter how these activities are used to detect isoforms in alligator and 
how these activities are used as biomarkers of environmental exposure. The use of 
EROD as a biomarker of polycyclic aromatic hydrocarbon exposure should not be 
applied to alligator as PB-type inducers may show significant induction of EROD given 
the low DF of EROD between these type of inducers. The use of P450 antibodies 
across phylogenetic classes stems from the lack of purified proteins or sequences 
information from which to produce P450 antibodies for various taxa. Added caution
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may be indicated when using antibodies across phylogenetic classes to detect CYP- 
induction as a biomarker of pollution given the decrease in antibody specificity observed 
in alligator.
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